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Abstract: 
Organic semiconductors are the fundamental constituents of a novel class of (opto-) 
electronic devices. In particular organic light emitting diodes (OLED) evolved rapidly 
during recent years. Another promising technological strategy is the implementation of 
multifunction organic field-effect transistors, in particular, organic light-emitting 
transistors (OLET). OLEDs suffer from exciton quenching by interaction with the 
externally applied electric-field and with charge-injection contacts. In optimized 
ambipolar OLETs on the other hand, light generation takes place in the transistor channel, 
well separated from the electrodes and in the presence of small effective electric fields.  
OLETs, like other field-effect devices, support high charge densities, which could lead 
to exciton-quenching by exciton-charge interaction. This process has been neglected by 
idealized OLET-models, as they assume an infinitely small recombination zone width. 
However, was experimentally demonstrated that OLETs present a recombination zone 
width in the range of several micro-meters. Exciton-charge interaction has surely to be 
taken into account in real devices.   
This thesis presents a comprehensive investigation on excitonic processes in organic 
field-effect devices, like OLETs. In particular two main issues were investigated: (i) the 
physical mechanism of exciton-charge interaction and (ii) the charge-distribution within 
the transistor channel. 
As model compounds for these investigations the oligomer semiconductors PTCDI-C13 
and T4dim were chosen. The former is a good electron transport (n-type) material with 
interesting emission efficiency, while the latter is a newly synthesized ambipolar 
transport material. As no conclusive investigations on their photophysics were available 
in literature, at first a fundamental characterization of their photophysical processes in 
technologically-relevant thin-film substrates was carried out.   
Exciton quenching was investigated in field-effect structures by static and dynamic 
Photoluminescence Electro-Modulated (PLEM) measurements. It could be demonstrated 
that only exciton-charge interaction is a relevant source for exciton quenching in field-
effect devices. This process was described by a diffusion-limited interaction model, 
which had to be corrected in order to account for the initial exciton distribution.  
As the observed PLEM only depends on the charges present in the device, it can be 
used as direct probe for the charge-density distribution. Based on this consideration a 
microscopy technique was implemented that allows the direct measurement of the charge 
distribution in organic transistors. The working principles of this technique are 
demonstrated on PTCDI-C13 and T4dim OFETs. In particular, for the ambipolar light-
emitting molecule a recombination zone could be observed in working devices. The 
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measured position of the recombination zone was used to test two well-established 
models proposed to describe the recombination zone in OLETs. 
The results reported in this thesis show the potential of the developed PLEM 
microscopy technique as a tool for the investigation of the charge density in organic field-
effect transistors with high in-plane resolution. 
Zusammenfassung: 
Organische Halbleiter sind die Grundlage einer neuen Generation von (opto-) 
elektronischen Bauteilen. Insbesondere organische Leuchtdioden (OLED) haben in den 
vergangenen Jahren eine schnelle Entwicklung erfahren. Eine andere vielversprechende 
Entwicklung sind multifunktionale Feldeffekttransistoren, wie Organische 
Leuchttransistoren (OLET). Während in OLEDs Exzitonen an den metallischen 
Kontakten und durch hohe elektrische Felder ausgelöscht werden, wird das Licht in 
optimierten ambipolaren OLETs im Transistorkanal erzeugt, gut abgeschirmt von den 
Elektroden und mit kleinen elektrischen Feldern.  
OLETs besitzen jedoch eine sehr hohe Ladungsträgerkonzentration, sodass Exzitonen-
Ladungsträger-Interaktion in diesem Fall zur Auslöschung von Exzitonen führen kann. 
Bisher wurde dieser Verlustfaktor in idealen OLET-Modellen vernachlässigt, begründet 
mit einer verschwindend kleinen Rekombinationszone. Experimentell wurde dagegen 
gezeigt, dass die Rekombinationszone eine Breite von mehreren Mikrometern hat. Im 
Gegensatz zum Idealmodell können also Reaktionen zwischen Exzitonen und Ladung 
sehr wohl auftreten.  
Diese Arbeit untersucht Exzitonen Prozesse in organischen Transistoren. Zwei Themen 
waren dabei zentral: (i) die physikalischen Mechanismen der Exziton-Ladungs-
Interaktion und (ii) die Ladungsverteilung im Transistorkanal. Als Modelverbindungen 
wurden die oligomerischen Halbleiter PTCDI-C13 und T4dim genutzt. Zunächst wurde 
eine grundsätzliche Analyse ihrer photophysikalischen Eigenschaften in technologisch 
relevanten Dünnschichtsubstraten durchgeführt, da diese nicht der Literatur entnommen 
werden konnten.  
Das Auslöschen von Exzitonen wurde in Feldeffektstrukturen mit statischen und 
dynamischen Photolumineszenz Elektromodulatoren (PLEM) gemessen. Es konnte 
gezeigt werden, dass nur die Exzitonen-Ladungs-Reaktion eine relevante Quelle für 
Exzitonen Auslöschung in Feldeffektstrukturen ist. Dieser Prozess wurde durch ein 
diffusionsbeschränktes Interaktionsmodell beschrieben, welches um die anfängliche 
Verteilung der Exzitonen ergänzt wurde. 
Die gemessene PLEM ist nur von der Ladung der Probe abhängig, daher kann sie 
umkehrt auch als Maß für die Verteilung der Ladungsdichte genommen werden. Darauf 
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aufbauend wurde eine Mikroskopietechnik entwickelt, welche die direkte Messung der 
Ladungsverteilung in Organischen Transistoren erlaubt. Die Methode wurde an PTCDI-
C13 und T4dim Transistoren demonstriert. Für das ambipolare T4dim, konnte die 
Rekombinationszone beobachtet werden. Die gemessene Position der 
Rekombinationszone wurden zwei etablierte Modelle zu ihrer Beschreibung verglichen. 
Diese Arbeit zeigt das Potential der entwickelten PLEM Mikroskopietechnik für die 
hochaufgelöste Untersuchung von organischen Transistoren 
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1 Introduction  
Two of the most influential technical developments of the 20th century were the advent 
of the semiconductor microelectronics industry and the invention of industrial scale 
synthesis of artificial organic1 compounds. At the wake of the 21st century, both industries 
are multi-billion euro businesses and have a profound impact on everyday live. The 
immense success of these technologies reflects the tremendous progress of the scientific 
disciplines they are based on: solid-state physics and organic chemistry. Traditionally 
these fields of research had only few intersections. The relatively young field of organic-
electronics is an approach to combine both worlds by creating microelectronic devices 
based on organic compounds. The technological objective is developing cheap electronic 
devices with properties that are more flexible than those of traditional microelectronics. 
This includes in particular a flexibility of possible shapes, including the fabrication of 
microelectronics on flexible substrates for the integration into cloth or tissues. Organic 
electronics has the potential to bring forward the next step of integrating intelligent 
artificial helpers into everyday life.   
Because absorption and emission of most organic materials occurs in the visible range 
of the elector-magnetic spectrum, these materials were traditionally used as color dyes. 
This property makes them particularly interesting for optoelectronic applications. Indeed, 
organic light-emitting diodes (OLEDs) were the first organic devices fabricated and are 
already being increasingly commercialized. A novel interesting trend is furthermore the 
development of multifunctional (optoelectronic) devices (Muccini 2006), e.g. organic 
light-emitting transistors (OLETs). These transistors integrate the ability to emit light into 
an electronic switch – effectively eliminating the need for external controlling electronics   
Besides promising novel applications, organic semiconductors also open-up interesting 
question for basic research in physics and chemistry. From a solid-state physicist’s 
perspective, the combination of strong intra-molecular bonds combined with weak inter-
molecular bonds adds a complexity to description organic-solids that is not found in the 
description of (traditional) inorganic materials. For example, one cannot treat charge-
transport and optical excitations within the picture of electronic bands developed for 
inorganic semiconductors. Instead, elementary excitations, e.g. excitons and charge-
polarons, play a crucial role in the physics of organic solids. The transport and the 
interactions of these quasi-particles explain charge transport in molecular solids or the 
principle of photosynthesis (Loo 2008; Baranovski 2006). Their exact properties and 
behavior is however still not fully understood and poses a very active field of research 
                                                 
1 The term “organic compound” is somewhat misleading. The early chemists distinguished between 
matter from living organisms, which they called “organic matter”, and dead matter. Nowadays, carbon 
based molecules are generally termed “organic compounds”.    
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(Sirringhaus 2012; Lanzani 2006). The NOBEL-prize committee underlined the 
importance of the fundamental work on organic semiconductors by awarding the NOBEL-
Prize in Chemistry to ALAN HEEGER, ALAN G. MACDIARMID, HIDEKI SHIRAKAWA for 
“for the discovery and development of conductive polymers" (Nobelprize Comittee 2000).    
This thesis presents a contribution to the investigation of exciton quasi-particles in 
organic devices, specifically in the newly developed light-emitting organic transistor. 
Excitons are the primary optical excitation in organic solids. They are represented by a 
coherent superposition of localized single molecule excitations (Pope 1984). 
Alternatively, they can also be described as coulombically bound electron-hole pairs 
(Kittel 2004). The type of materials, in which excitons play a prominent role, ranges from 
molecular crystals (Kampen 2010) to complex biological systems (Cerullo 2007). For the 
development of organic electro-optical devices, knowledge about exciton processes is 
crucial to optimize its performance. This thesis contains the first in-depth investigation on 
the fate of excitons in the semiconducting layer of organic field-effect transistors 
(OFETs). In particular it will demonstrate the importance of exciton-charge interaction 
for non-radiative deactivation of excitons in active devices. In a further step, it 
demonstrates how these findings can be used to investigate the charge density distribution 
in OFETs. 
This first chapter introduces the topics of this thesis: the interaction of optical and 
electrical excitations in organic field-effect devices. After a short review of the most 
important historical landmarks that led to the development of organic devices, and 
eventually to the development of the OLET, in section 1.1, section 1.2 specifies the 
details of the scientific questions and technological issues this work is going to deal with. 
Section 1.3 subsequently introduces the two prototype materials implemented: the 
oligomer semiconductors PTCDI-C13
2 and T4dim3. Finally section 1.4 present a chapter-
wise overview of this thesis. 
1.1 Organic Optoelectronics: Some History  
Even though popular media consider organic semiconductors a 21st century technology, 
the first studies on conductive molecular crystals date back over a hundred years. In 1906 
the Italian physicist ALFREDO POCHETTINO discovered the photoconductivity of 
anthracene, until then considered a typical insulator (Pochettino 1906). His work 
triggered several further investigation, notably by STARK AND STEUBING  (Stark 1908), 
VOLMER (VOLMER 1913)  and PAULI (Pauli 1913). The latter tried to find a correlation 
between the photoconductivity of anthracene and its fluorescence. His discovery that the 
                                                 
2 N,N′-ditridecylperylene 3,4,9,10-tetracarboxylic diimide 
3 (2,2’-(2,2’-bithiophene-5,5’-diyl)bis(5-butyl-5H-thieno[2,3-c]pyrrole-4,6)-dione 
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excitation energy for photoconduction is significantly higher than the fluorescence energy 
was the first experimental evidence for the existence of excitons. In 1910 KOENISBERGER 
AND SCHILLING moreover found considerable dark-conductivity for several organic 
crystals (Koenigsberger 1910). Besides these early discoveries, the complexity of the 
molecular materials and the lack of prospective technological applicability prevented 
significant progress on the physics of organic solids until the 1960s.  
Still, during the 1930ies to the 1950ies several important works related to excitations of 
molecular crystals were conducted in analytical chemistry and molecular spectroscopy. In 
1931 FRENKEL introduced the model of the molecular exciton that should later bear his 
name. In 1948 DAVYDOV extended the FRENKEL exciton-model and introduced a 
universal theory for excitations in molecular crystals (Davydov, 1964; reprint, original 
1948 in russian). In the same year FÖRSTER (Förster 1948) presented his model for the 
resonant transfer of excitation-energy between molecules, which forms the basis for non-
coherent transport of excitations in organic solids.   
Advances in the ability to control the fabrication of thin-films of organic materials in 
the 1960ies (Hertel 2006) and the development of the first Organic Light-Emitting Diodes 
(OLEDs, figure 1.1) (Schwoerer 2008), renewed the interest in the properties of organic 
solids. The field gained its definitive breakthrough with the discovery of conductive 
polymers by HEEGER, MACDIARMID AND SHIRAKAWA in 1977 (Nobelprize Comittee 
2000). Subsequently, in the 1980 organic solid-state physics began to emerge as an 
independent field of research. Key aspects were emission properties of thin-film and 
crystals, thin-films growth behavior and electrical properties of organic semi- and 
superconductors. 
From a technological point of view the critical breakthrough was achieved with the 
realization of the first organic-organic heterostructures by CHIN WAN TANG and STEVEN 
VAN SLYKE at Kodak (Tang 1986; Tang 1987). For the first time they were able to 
produce light-emitting diodes and photovoltaic cells with efficiencies above 1%. Already 
several years before, in 1984, KUDO ET AL. (KUDO 1984) found field-effect transport in 
thin-film devices and paved the way for the first organic field-effect transistors (OFET, 
figure 1.1). Since then, research intensified and was now increasingly seconded by 
industrial efforts for commercialization. Though, it was only in 1997 that the first 
application using organic devices, namely a car radio by Panasonic, was available on the 
market (Brütting 2008). 
Today some of the most promising applications for organic devices are lighting, display 
technology, flexible electronic circuits (e.g. in RFID chips), flexible photovoltaic cells 
and bio-compatible electronics. The main advantage of organic semiconductors over 
traditional semiconductors is their low production costs. They can be fabricated by low 
temperature evaporation or inkjet printing without the necessity of a clean-room 
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Table 1: A historical overview of the development of organic light-emitting devices. Data extracted from (Schwoerer 
2008; Schwoerer 2006; Brütting 2008) 
1910 ALFREDO POCHETTINO discovers the photoconductivity of anthracene (Pochettino 
1906). 
1910 KOENISBERGER AND SCHILLING find dark conductivity in several organic crystals 
(Koenigsberger 1910). 
1913 PAULI finds activation energy for photocurrent to be significantly higher than energy of 
fluorescence (Pauli 1913). 
1926 PRINGSHEIM AND KRONENBERGER interpret absorption and emission spectra of 
benzene in the picture of an oriented gas (Kronenberger 1926). 
1931 FRENKEL introduces the concept of the neutral strongly-bound exciton (Frenkel 1931). 
1934 WINTERSTEIN ET AL. discover the sensitized fluorescence of Napthalene in Anthracene 
crystals. This was the first evidence for energy transfer in doped organic crystals. 
1938 FRANCK AND TELLER calculate an intermolecular the energy-transfer time of 300 fs. 
They also highlight the connection to photosynthesis. 
1948 DAVYDOV introduces the theory of molecular excitons (Davydov 1964). 
1948 FÖRSTER finds the intermolecular resonance energy transfer (RET) mechanism 
(Förster 1948). 
1953 DEXTER introduces the electron exchange energy transfer mechanism (Dexter 1953). 
1964 POPE, KALLMANN AND MAGNATE find the electroluminescence of organic crystals 
(Pope 1963). They need to apply voltages up to 2kV. 
1960ties WILLIAMS AND SCHADT created first Anthracene OLED with structured electrodes. 
Need 100V 
1977/78 HEEGER, MACDIARMID AND SHIRAKAWA develop conductive polymers. They receive 
the NOBEL-prize in chemistry in 2000 (Nobelprize Comittee 2000). 
1984 KUDO, ZAMASHINA AND MORIIZUMI find field-effect transport in an organic 
semiconductor thin film. The birth of the organic field-effect transistor. (Kudo 1984) 
1986/7 CHIN WAN TANG and STEVEN VAN SLYKE develop organic heterostructures (Tang 
1986; Tang 1987). 
1990 BURROUGHES, BRADLEY AND FRIEND create the first spin-coated polymer OLED 
1997 The first commercial product using organic light-emitting diodes is a car-radio by 
Panasonic (Schwoerer 2008). 
2003 HEPP ET AL observe light emission form a tetracene OFET. This is the first example of 
an organic light-emitting transistor (Hepp 2003). 
2005 ZAUMSEIL AND SIRRINGHAUS demonstrate the first ambipolar OLET (F8BT - single 
layer design). (Zaumseil 2005).  
2010 CAPELLI ET AL. present the first OLET with a higher efficiency than a comparable 
OLED (multi layer design).  (Capelli 2010; Muccini 2006). 
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environment. Moreover, no epitaxial growth is needed, which allows to use virtually any 
kind of substrate available. Particularly interesting is also the potentially use of 
biocompatible and –degradable materials like silk (Benfenati 2013), especially for future 
applications in medicine and biotechnology. 
A recent trend is the fabrication of multi-functional organic devices (Muccini 2006; 
Guo 2010). Examples for this strategy include light-emitting transistors (OLETs, figure 
1.1), light-sensing transistors (OLSTs) or bio-interfacing transistors. OLETs are the most 
developed of these examples. While OLEDs need switching electronics to control their 
state, OLETs combine the generation of light with the switching ability of a transistor into 
one device. Moreover, in single-layer ambipolar4 OLETs the recombination of injected 
charge-carriers takes place in the transistor channel, evading all sources of non-radiative 
deactivation of excitons connected to the electrodes. They can therefore outperform 
comparable OLEDs in term of light-generation efficiency (Capelli 2010). 
HEPP ET AL. reported in 2003 the first example of an OLET, which was based on 
tetracene (Hepp 2003).These devices were unipolar OFETs and the discovery of light-
emission was rather surprising. Usually, the formation of exciton form free holes and 
electrons leads to electroluminescence. In Tetracene transistors only holes have a 
noteworthy mobility. SANTATO ET AL later explained the appearance of 
electroluminescence by an electron tunneling model (Santato 2004). Electrons can tunnel 
from the drain electrode into the channel through a barrier generated by a steep voltage 
drop at the charge-collecting contact. The model predicts that the recombination takes 
place exclusively at the drain electrode, which agrees with the experimental observations. 
                                                 
4 Ambipolar transistors support the transport of holes and electrons, likewise, contrary to most ordinary 
OFETs that have hole- or electron transport character.   
 
Figure 1.1: A comparison between OLED, OFET and OLETs shows the main differences between these devices. 
While OLEDs are vertical devices, for which charge transport takes place in the entire bulk of the material, field-effect 
devices like OLETs and OFETs rely on charge accumulation at the semiconductor-insulator interface. Charge transport 
layers that separate the recombination layer form the electrodes are needed in OLED structures to prevent exciton 
quenching at the metal layers. In OLET devices, the separation of the recombination zone form the electrodes is an 
intrinsic property of the device structure as recombination of charges occurs in the transistor channel. (Arrows indicate 
the direction of charge flow.)   
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Unipolar OLETs are therefore rather a serial combination of a transistors and an OLED, 
suffering the same drawbacks as normal OLEDs.   
The first OLET showing light emission from the channel, proposed by DE VUSSER ET 
AL., employed a pn-junction in the transistor channel (De Vusser 2006), form where 
recombination took place. ROST ET AL. reported the first ambipolar and light-emitting 
transistor based on co-evaporated PTCDI-C13 and R-quinquethiophene (Rost 2004). 
However, light emission was only observed in the unipolar regime. ZAUMSEIL AND 
SIRRINGHAUS fabricated the first example of a ambipolar OLET with charge 
recombination in the transistor channel (Zaumseil 2005). Contrary to earlier attempts, 
their OLET was based on a single-layer thin-film obtained by spin-coating the polymer 
F8BT. At the time this thesis was written it was still one of the few examples of a single-
layer ambipolar OLET. The most promising alterative to F8BT being T4dim (Melucci 
2011). The most efficient OLET reported so far was realized at the ISMN-CNR in 
Bologna by CAPELLI and coworkers (CAPELLI 2010). It employs a structure based on stack 
of three layers of organic materials. The upper and lower layer act as hole and electron 
transporting layers, respectively. Recombination takes place in the central layer, which is 
formed by a highly fluorescent host-guest system. In this way transport and 
recombination efficiency can be optimized separately. The tri-layer OLET shows for the 
first time an efficiency that outperforms the equivalent OLED. Still a better understanding 
of the exciton processes in these devices is necessary to further improve and control its 
light emission. 
1.2 Research Subject 
A key figure of merit of light-emitting optoelectronic devices is their efficiency, given 
by the number of photons generated per injected charge-carrier. One of the most 
prominent factors determining the efficiency is the radiative recombination-yield of the 
solid-state excitations: If injected negative and positive charges encounter each other, 
they form an exciton. However, only a part of these undergo radiative recombination 
generating photons, the remaining excitons are deactivated by a non-radiative process. 
The radiative quantum yield depends in the first place on the choice of molecules as well 
as the on the fabrication process (Varghese 2011). In electrical devices, the radiative 
recombination of excitons decreases even more due to electrical processes (Kalinowski 
2006; Gulbinas 2010). One speaks about electrical luminescence- or exciton-quenching. 
Another frequently used term, which will also be used in this thesis, is luminescence 
electro-modulation. While the luminescence electro-modulation in OLEDs and diode-
like structures has been intensively studied, notably in the work of KALINOWSKI 
(KALINOWSKI 1992; KALINOWSKI 1996; KALINOWSKI 2006), experimental investigations 
on excitons in field-effect devices are scarce. The aim of this thesis is therefore to conduct 
the first conclusive experimental investigation on the behavior of excitons in organic 
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field-effect devices. These investigations are of particular interest with regard to the recent 
rapid progress in the development of OLETs. 
However, before one can interpret the behavior of excitons in a device, first the 
photophysics of the pure material have to be understood. To date only few organic 
materials have successfully been utilized in OLETs. Nearly all of them are based on 
“non-standard” molecules, which means that no comprehensive investigations on their 
photophysics are available (Zaumseil 2007). Among the most promising materials are the 
structurally simple semiconducting oligomers PTCDI-C13 and T4Dim, which were 
selected for this thesis. Because of the lack of available spectroscopic data on these 
materials, a good part of this thesis is dedicated to the investigation of their photophysics, 
an in particular to the interpretation of their thin-film photoluminescence spectra. 
Subsequently steady state and time-resolved Photoluminescence Electro-Modulation 
(PLEM) measurements are employed to systematically investigate the electrical induced 
exciton quenching in field-effect structures (e.g. OFETs) based on these materials. In 
particular the question regarding the microscopic nature of the exciton-quenching will be 
addresses. As it turns out, the quenching of luminescence in these devices is closely 
connected to the injected charges. This knowledge about the nature of the PLEM is 
subsequently used to tackle another technological problem regarding OFETs.   
To predict the behavior of a transistor, knowledge about the charge distribution is 
inevitable. If boundary conditions and material properties are well defined, as for 
inorganic devices, this is often accomplished by numerically solving POISSON’s equation. 
This approach fails for organic semiconductors. On one hand, the nature of charge 
transport in this class of materials is the still unclear (Sirringhaus 2012; Stallinga 2011; 
Coropceanu 2007). On the other hand, the technologically relevant polycrystalline thin-
films are chemically and morphologically highly inhomogeneous (Loi 2004; Celebrano 
2009) causing local fluctuation of the material properties. A way to directly measure the 
charge distribution in OFETs is therefore needed. As PLEM is a measure of the charge-
density, it can be used to monitor the charge distribution in the transistor channel. In the 
last part of this thesis an electro-modulation microscope is presented that implements this 
idea. Its capabilities are demonstrated on two investigations: first, the injection and 
accumulation of charges in OFETs and second, the charge-recombination process in 
OLETs 
1.3 Selected Materials 
Perylene and Oligothiophenes are widely regarded as model compounds for organic 
semiconductors (Pope 1982). The simple geometry of these molecules allows the 
correlation between the basic spectroscopic features and their solid-state packing. Though 
this unsubstituted model compounds are convenient for fundamental research, their 
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performance in optoelectronic devices is disappointing. For example, materials suitable 
for implementing a single-layer OLETs design must show good and well balanced 
ambipolar field-effect mobility, i.e. hole and electron mobility must be high in the same 
material. Moreover they must show sufficient light-emission (Muccini 2012). Neither of 
these requirements is fulfilled by pure perylene or oligothiophene molecules. Actually, 
for a long time the conductive polymer F8BT5 was the only material fulfilling this 
requirements (Zaumseil 2007). Recently however, MELUCCI AT AL. published a new 
diimide substituted quaterthiophene derivative, T4Dim, that showed ambipolar transport 
and light emission on the same time (Melucci 2011). An alternative approach to the single 
material OLET uses a stack of several layers, separating hole and electron transport. The 
perylene derivative PTCDI-C13 belongs to the best electron-conducting materials for 
OFETs known today (Wen 2010). On the same time, being a derivative of the well-
known Perylene dye, it has a reasonable quantum yield for radiative recombination of 
excitons. Because of these good electrical and optical properties, PTCDI-C13 was one of 
the first materials employed in organic light-emitting transistors (Rost 2004a; Rost 2004).   
Both materials were selected for this thesis, because of their good performance in prior 
OLET designs, as well as, because of their conceptual simplicity and close relation to 
their perylene and quaterthiophene parent molecules. The following section will give a 
short review of the published knowledge about these materials prior to this thesis. 
PTCDI-C13 (N,N′-ditridecylperylene 3,4,9,10-tetracarboxylic diimide) is a end-
substituted Perylene derivative (Figure 1.1 b). Its parent molecule, Perylene (Figure 1.1b), 
is a two-dimensional polycyclic aromatic hydrocarbon (PAH) originally developed as 
dye pigments in 1912 (Kampen 2010). It consists of two Naphtalene units connected by 
C-C bonds in the 1 and 8 positions of each molecule. The connecting bonds are slightly 
longer than the conjugated C=C bonds and are therefore identified as single bonds 
(Camerman 1964). PTCDI is obtain form Perylene by symmetrical end-substituted with 
diimide units. This substitution stabilizes HOMO and LUMO levels and as a results leads 
to a change from regular hole conducting behavior of the material, to a more uncommon 
electron conducting behavior (Chesterfield 2004). Additional n-alkyl chains of different 
length have been added to influence the crystal packing behavior (Krauss 2008).  
Perylene and its derivatives are widely used as industrial dyes, possessing a bright red 
color6. Moreover, the alkyl substituted PTCDI derivatives are good charge transport 
materials as well (Malenfant 2002; Chesterfield 2004). While Perylene is a hole-
conductor with a field-effect mobility around 10-4 cm2/Vs even in purified crystals 
(Effertz 2008), PTCDI-C13 regularly show an electron mobility above 1cm
2/Vs 
(Chesterfield 2004). By employing organic cluster deposition and thermal post treatment, 
                                                 
5 Poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] 
6 The perylene red is famously known as “Ferrari-red”. 
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TATEMICHI ET AL obtained the best results to date for an Perylene based materials, with an 
electron-mobility of 2.1 cm2/Vs (Tatemichi 2006). 
No conclusive spectroscopic studies of PTCDI-C13 thin films were available in 
literature at the time this thesis was written. However, several spectroscopic studies have 
been conducted on related Perylene-based molecules. Specifically, Methyl-Perylene-
Diimide (Me-PTCDI) and Perylene-Anhydride (PTCDA) have been the focus of 
experimental effort, due to their complex spectra containing several different excitation 
species (Bulović 1996; Hoffmann 2000; Kobitski 2001; Gisslén 2009). The results of 
these studies will be discussed chapter 2. 
T4Dim (2,2’-(2,2’-bithiophene-5,5’-diyl)bis(5-butyl-5H-thieno[2,3-c]pyrrole-4,6)-dio-
ne) is an end-substituted Quaterthiophene derivative (Figure 1.1 b). It was recently 
synthesized by MELUCCI ET AL. specifically for the use in ambipolar OLETs (Melucci 
2011). Due to their needle-like structure, oligothiophenes based molecules are considered 
model compound for low molecular weight oligomeric and polymeric semiconductors 
(Muccini 2000; Spano 2003). While Perylenes are fused polycyclic aromatic 
hydrocarbons with a rigid structure, Oligothiophenes consist of heterocyclic rings 
incorporating a sulfur atom (Figure 1.1 b). The individual rings are connected via C-C 
bonds. The primarily single-bond character of these inter-ring bonds, principally allows a 
twisted configuration of the oligothiophene molecule. Nevertheless, the molecule usually 
adopts a linear configuration in the solid state (Weiser 2002; Da Como 2006).  
The substitution of alkyl-chains in both end position of Quaterthiophene molecules 
lowers the reactivity of the molecule-core (Generali 2010). Moreover, in OFET 
 
Figure 1.2: Several derivates of Perylene (a) and Thiophene (b). The derivatives were created by end-substitution of 
diimide and/or alkyl groups to the respective core molecule. 
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applications it separates the functional molecule core form the dielectric interface, 
lowering the influence of interface defects and impurities (Zaumseil 2007). MELUCCI ET 
AL. introduced an additional diimide unit between the Quaterthiophene core and the alkyl-
chains on both sides. Similar to PTCDI, this diimide substitution stabilizes the HOMO 
and LUMO levels. As a result the electron mobility increased from zero to µN = 0.053 
cm2/Vs, while differently from PTCDI the hole-mobility remained at µP = 6.4x10
-5 
cm2/Vs. As a side effect of the modification MELUCCI observed a higher radiative 
quantum-yield for T4dim than for its parent molecule quaterthiophene, making this 
material the perfect candidate for OLETs. 
1.4 Scope of this Thesis 
This thesis is structured as follows: The first two chapters constitute an introduction to 
this work and provide the background knowledge necessary for the scientific endeavor 
presented in this thesis. The second chapter is intended to familiarize scholars new to the 
subject with the foundations of solid-state molecule spectroscopy. It can safely be skipped 
by expert readers. The second part, formed by chapters three, four and five, contains the 
scientific results of the thesis. Chapter seven finally summarizes the work presented in 
this thesis and provides proposals for meaningful future scientific investigations 
extending this work.     
Chapter two reviews the basic physics of organic semiconductors and discusses the 
possible causes of photoluminescence electro-modulation. As this thesis is restricted to 
the thermally-evaporated π-conjugated oligomers PTCDI-C13 and T4Dim, the 
explanations of the second chapter are limited to the photophysics of (poly-)crystalline 
materials. In particular, the important topic of polymeric and highly disordered materials 
will not be discussed here. Of course a discussion of all possible aspects of organic 
semiconductors, even though it might be desirable, is outside the scope of this chapter. 
The interested reader is referred to the large amount of textbooks and monographs:  A 
good general introduction to organic molecular-solids from the perspective of solids-state 
physics can be found in the books of SCHWOERER AND WOLF (Schwoerer 2006) and of 
POPE AND SWENBERG (Pope 1982). The photo-physical aspects of organic materials are 
discussed in several books by LANZANI (Lanzani 2012; Lanzani 2006). Finally, an in-
depth theoretical discussion of organic molecular crystals can be found in the book of 
SILINSH AND CAPEK (SILINSH 1994).  
Chapter three investigates optical excitations in PTCDI-C13 and T4Dim thin-films. 
Special attention is given to the comprehension of the photoluminescence spectra and 
dynamics, as they form the basis for the following chapters. As expected the behavior of 
the excitations is closely related to the excitation of the isolated molecule. However, for 
understanding the spectra also the intermolecular interaction determined by the molecule 
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arrangement has to be taken into account. The results are compared to existing 
photophysical models for related molecules, e.g. PTCDA (Hoffmann 2002) and 
Quaterthiophene (Muccini 1998),  and models for generic molecular aggregates (Spano 
2010; Spano 2003; Silinsh 1994). The investigations in this chapter also give some 
insight in how materials can be designed to combine high charge mobility with 
technologically viable optical properties. 
 The fourth chapter turns to the electro-modulation of the excited states, if the 
materials discussed in chapter three are incorporated into Metal-Insulator-Semiconductor 
(MIS) structures. In these high charge-density structures the main source of 
Photoluminescence Electro-Modulation (PLEM) is related to exciton-charge interaction. 
A photophysical model is developed that links the observed static and dynamic PLEM to 
the diffusion limited charge-exciton interaction. In order to achieve a good agreement 
with the data, several corrections related to the initial distribution of charges have to be 
included. Finally the possibility to determine the space-charge thickness form these 
measurements is discussed.  
Chapter five extends the PLEM measurements form the one-dimensional case of a 
vertical MIS structure, to the two-dimensional case of an OFET. For this purpose a 
Photoluminescence Electro-Modulation Microscope (PEM) based on a confocal scanning 
microscope and a synchronized lock-in scheme was developed. This technique was used 
to visualize the progression of the charge density in the channel of OFETs, correlated to 
its electrical characteristics. In particular, for an ambipolar T4dim OFET, the formation of 
a charge recombination zone, even before the observation of visible light, could be 
demonstrated. This enables the assessment of theoretical models describing the 
movement of the recombination zone (Smits 2007; Schmechel 2005) which was until now 
only possible for devices which show light generation for all applied biases. 
The field of organic solids, as of soft materials in general, is largely interdisciplinary – 
employing scholars from a chemistry, material-science, physics or electrical engineering 
background, each of which has its own language and uses its own concepts. For a long 
time the science of molecular crystals was largely dominated by a chemistry and 
physical-chemistry mindset, while, since the advent of technical relevant devices, this 
field has been overtaken more and more by device physicists and engineers. In the effort 
to avoid confusion in this thesis, I will use the language of solid-state physics whenever 
possible and define specific terms wherever it seems necessary. Non-canonical 
abbreviations will be introduced in every chapter over again.  
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2 Photophysics of Organic Molecular Semiconductors 
This chapter introduces the necessary physical concepts related to the photophysics of 
organic semiconductors (OSC), in order to prepare the reader for the second 
(experimental) part of this thesis. Section 2.1 reviews the model of excited states in 
(ideal) organic crystals. Section 2.2 then discusses the photophysics of real 
oligothiophene and perylene crystals. Both materials are largely influenced by their 
packing behavior. However, while the spectra of oligothiophenes are relatively well 
understood, there was still some discussion within the scientific community about the 
nature of the spectra of the perylene derivatives at the time this thesis was written. 
Finally, section 2.3 deals with the possible causes of photoluminescence electro-
modulation (PLEM).  
2.1 Excited States of Organic Semiconductors 
On a molecular level, the properties OSCs originate from the hybridization of carbon 
orbitals and the formation of delocalized conjugated π-orbital systems. Within this 
delocalized π-orbitals electrons can move freely and give rise to charge transport. The 
spatial extend of the conjugation determines the energy-separation between the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) and therefore the optical properties of the OSCs. The properties of single 
organic molecules are discussed in detail in section 2.1.1. 
The optical and electronic properties of organic molecules in their condensed solid-state 
phase differ considerably from inorganic solids such as metallic, ionic or covalent 
crystals. Due to the weak intermolecular interaction, the properties of the isolated 
molecules largely dominate the optical excitations of OSCs. As a consequence, resonant 
excitation of organic solids cannot be understood as band-to-band transitions, but rather 
as largely localized, coherent excitation of neighboring molecules. In this framework, the 
concept of the exciton, as elementary two-particle excitation of an electron and a 
corresponding hole, is of crucial importance. The theory of excited states in molecular 
crystals is introduced in section 2.1.2 for ideal generic organic crystals. Depending on the 
crystal organization, the exciton band splitting and the quantum-mechanical selection 
rules for the creation and recombination of excitons differ. The origin of optical spectra 
of molecules and molecular crystals is discussed in section 2.1.3. Besides excitons an 
entire zoo of optically active and dark excitations exists in OSCs. Section 2.1.4 gives an 
overview over this excitation zoo in organic semiconductors. A clear definition of these 
different elementary excitations is crucially important as there is often some confusion 
about the use of identical terms for different concepts in different scientific disciplines. 
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The listing in section 2.1.4 is based on the classification of LANZANI from his 2012 
monograph (Lanzani 2012). 
2.1.1 Hybridization, Conjugation and Organic Semiconductors 
The specific optical and electrical characteristics of organic semiconductors are related 
to the ability of carbon to produce hybrid orbitals. The electronic configuration of a free 
carbon atom is 1s12s22p2. In this configuration the 2s-electrons are paired while the 2p-
electrons are unpaired. However, in order to form a covalent-bond between carbon atoms, 
a mixing of the 2s- and 2p-orbitals is energetically favorable over the free carbon 
configuration. If all four orbitals take part in the new mixed states, four sp3-orbitals form. 
A further possibility is the formation of hybrid sp2-orbitals, in which only the px- and py- 
fraction of the 2p-orbitals mix with the 2s-orbital. The remaining pz orbital remains 
perpendicular to the plane of the new sp2-orbitals (Figure 2.1). Mathematically, the sp2 
hybrid-wavefunction of the carbon-atom can then be defined as: 
 
|𝑠𝑝1〉 =
1
√3
(|2𝑠〉 + √2|2𝑝𝑦〉) 
|𝑠𝑝2/3〉 =
1
√3
(|2𝑠〉 ± √
3
2
|2𝑝𝑥〉 − √
1
2
|2𝑝𝑦〉)
   (2.1) 
Upon the formation of a molecule, all sp2 orbitals of the carbon atom take part in strongly 
localized covalent bonds with their neighboring atoms, denoted as σ-bonds. The 
remaining pz orbitals develop additional bonds, if they overlap with pz orbitals from 
neighboring molecules. In this way, carbon atoms form double or even triple bonds. 
Electrons in these so called π-orbitals are only weakly bound to their parent atoms. In a 
molecule containing several double-bonded carbon atoms, the electrons are delocalized 
over the entire system of π-orbitals of the molecule. Molecules containing a sequence of 
double-bonds are identified as conjugated molecules. The connected π-orbitals of these 
molecules are termed the conjugated system7 and its spatial extend determines the 
conjugation length.  
While the covalent σ-bonds can absorb electromagnetic radiation only in the far UV, the 
weakly bound π-system absorbs typically in the visible region of the electromagnetic 
spectrum. The excitation of the π-system does typically not destabilize the molecule 
structure8. Moreover, the π-electrons can move coherently throughout the conjugated 
system, and also “hop” between molecules upon thermal excitation. This gives crystals of 
                                                 
7 A conjugated system is formally written as single-double-single bond system. The delocalization 
extends over all three bonds. 
8 In specific molecules like azobenzene, the excitation of the π-system leads to photo-isomerization. 
Molecules showing this behavior are therefore called molecular switches. 
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conjugated molecules semiconducting behavior. Due to these characteristics, conjugated 
molecules are also termed organic semiconductors (OSC).   
In general, organic materials with semiconducting properties are classified into small 
molecules or oligomers, polymers and complex-molecules (Pope 1982). The best 
known conjugated systems are certainly the one-dimensional carbon chain polymer, 
polyethyne9 (Figure a), and the carbon single-ring structure, benzene (Figure b). The latter 
is the basic unit of an important sub-class of oligomers, the polycyclic aromatic 
hydrocarbons (PAHs). A typical example of conjugated complex-molecules is the 
metal-organic dye Tris(8-hydroxy-quinolinato)aluminium (Alq3).  
This thesis deals exclusively with oligomeric materials (PTCDI-C13 and T4Dim). As the 
distinction between oligomers and polymers is often somewhat blurry in (physics) 
literature, a clear definition for this thesis will be given here. The International Union of 
Pure and Applied Chemistry (IUPAC) characterizes oligomers as: 
“A molecule of intermediate relative molecular mass, the structure of which 
essentially comprises a small plurality of units derived, actually or conceptually, from 
molecules of lower relative molecular mass.” (McNaught 2009) 
In of case OSCs, we can derive a more preciese definition from their energetic 
properties: The conjugation length of the π-system determines the energy levels of 
conjugated molecules. A simple quantum-mechanical particle-in-a-box model, for 
polyethyne-like molecules, or rigid-rotator model, for PAHs and similar molecules, 
qualitatively explains this dependence (Pope 1984). The energy-Eigenvalues of these 
systems, 𝐸𝑏𝑜𝑥 and 𝐸𝑟𝑜𝑡, for the 𝑛
𝑡ℎ-Eigenstate are (Cohen-Tannoudji 2009): 
                                                 
9 Often also referred to as polyacetylene, the official IUPAC name is however polyethyne (McNaught 
2009). 
 
Figure 2.1: Polyethyne (a) and benzene (b), two classical examples of conjugated systems. If the pz-orbitals of 
adjacent hybridized carbon atoms have a sufficient overlap, the electrons form a delocalized π-orbital. Images 
reproduced form (Vladsinger 2009; Jarzab 2010). 
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𝐸𝑏𝑜𝑥(𝑛) ∝
1
𝑙2
∙ 𝑛2
𝐸𝑟𝑜𝑡(𝑛) ∝
1
𝑟2
∙ 𝑛(𝑛 + 1)
   }     𝑞 = 0,1,2,… (2.2) 
In both cases, the energy is proportional to the square of the reciprocal coordinate that 
determines the conjugation length of the system. In the 1D-box case, this is the length of 
the system 𝑙 and in the rotator case it is the radius 𝑟. Increasing the conjugation length of 
an oligomer by adding monomer units decreases the gap between two successive energy 
levels and thus reduces the energy-gap. Spectroscopically this results in a bathochromic-
shift10 of the absorption and luminescence spectra. However, with increasing chain-length 
the shift saturates. Above this point, the effective conjugation length of a molecule is 
smaller than its actual geometric length. At this point a compound is denoted as polymer. 
Oligomers according to this definition are compounds whose effective conjugation length 
equals the total conjugation length of the molecule. This definition of oligomers does not 
include complex-molecules, like metal-organic complexes and dendrimers. These are 
frequently classified as small molecular semiconductors too, due to their small molecule 
weight. From a photo-physical point of view, this exclusion is justified, because these 
compounds have several optical active parts. They should therefore rather be 
characterized as molecule system than as oligomers. Of course this is only a qualitative 
approximation for a single molecule. In a crystal the interaction between molecules leads 
to the generation of a collective excitation, the exciton. 
2.1.2 The Exciton: Excited States in Molecular Crystals 
In its simplest approximation, a molecular crystal corresponds to an oriented gas. In 
this model by PRINGSHEIM and KRONENBERGER (Kronenberger 1926) the solid is 
composed of non-interacting molecules that are fixed by the crystal lattice in specific 
positions and orientations. The main difference of a molecule in an oriented gas with 
respect to the isolated molecule is the rotational hindrance. Thus, in this very weak-
interaction scenario, the properties of the solid largely resemble that of the gas-phase 
molecule. Experimentally, the oriented gas can be produced by incorporating a low 
concentration of optically active molecules into a transparent matrix. 
In real crystals, molecules that organize into a lattice structure experience inter-
molecular interactions that alter their physical properties. These interactions include 
forces between permanent molecular dipoles, forces between induced dipoles as well as 
dispersive forces. They are collectively referred to as VAN-DER-WAALS forces11 (Pope 
                                                 
10 “Shift of a spectral band to lower frequencies (longer wavelengths) owing to the influence of substitution 
or a change in environment” - (McNaught 2009) 
11 Some authors when talking about VAN-DER-WAALS forces refer to dispersive forces only. Dispersive 
forces are interactions between two induced dipoles, due to time-dependent fluctuations in the electron 
density of the molecules. 
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1982). Since all of these forces are generally weak with respect to covalent interactions, 
they can be handled as perturbation to the isolated molecule-wavefunctions. Therefore, 
the tight-binding method is the adequate approach to treat the excited states of molecular 
crystals.    
In the thigh-binding approach one starts by solving SCHRÖDINGER’S-equation for the 
single isolated molecule (Kittel 2004; Schwoerer 2006). The full HAMILTONian of a 
molecule includes the kinetic and potential energy of its electrons  ℋ𝑒𝑙 and the nuclear 
energy ℋ𝑛𝑢𝑐, as well as the interactions between the electrons ℋ𝑒𝑙−𝑒𝑙, between the 
nuclei ℋ𝑛𝑢𝑐−𝑛𝑢𝑐 and between the electrons and the nuclei ℋ𝑒𝑙−𝑛𝑢𝑐: 
 ℋ = ℋ𝑒𝑙 +ℋ𝑛𝑢𝑐 +ℋ𝑛𝑢𝑐−𝑒𝑙 +ℋ𝑛𝑢𝑐−𝑛𝑢𝑐 +ℋ𝑒𝑙−𝑒𝑙 (2.3) 
All five parts of the full HAMILTONian represent a sum over all electrons and/or nuclei. 
Even for a relatively simple aromatic hydrocarbon like benzene, the full HAMILTONian 
would therefore consist of 1539 terms12 if all interactions are considered. It is needless to 
say, that this SCHRÖDINGER-equation has no analytical solution. But also the numerical 
calculation accounting for all interactions in a medium-sized molecule is very expensive. 
One should not even start thinking about solving the exact SCHRÖDINGER-equation for an 
entire crystal with 1023 molecules.    
In order to minimize the complexity of this problem-set, two initial approximations can 
be made (Silinsh 1994; Haken 2004; Czycholl 2008). First, the electron-electron 
interaction is neglected. This reduces the equation to a one electron problem. The 
second approximation is the adiabatic approximation introduced by BORN AND 
OPPENHEIMER, which highlights that, because of the large disparity between the masses 
among the nucleus and the electrons, the electrons react almost instantaneously to any 
movement of nucleus. In this way the one-electron wavefunction describes electrons 
moving in the instantaneous potential of the nuclei. Thus, in the BORN-OPPENHEIMER 
approximation, the total wavefunction in the one-electron SCHRÖDINGER-equation for a 
molecule Φ𝑚𝑜𝑙 can be separated
13 in an electronic part 𝜙𝑒𝑙 and a nuclear-vibrational 
part 𝜒𝑣𝑖𝑏: 
 Φ𝑚𝑜𝑙(𝑟, 𝑄) = 𝜙𝑒𝑙(𝑟, 𝑄) ∙ 𝜒𝑣𝑖𝑏(𝑄) (2.4) 
Here 𝑟 denotes the position of the electrons and 𝑄 the position of the nuclei. 
Correspondingly, the total energy 𝐸𝑚𝑜𝑙 is a sum of the electronic-energy 𝐸𝑒𝑙 and the 
nuclear-vibrational energy 𝐸𝑣𝑖𝑏: 
                                                 
12 12 atoms (6C + 6H) + 42 electrons (6 per C and 1 per H) + 12∙42 = 504 electron-nucleus interactions + 
903 electron-electron interactions (combination of 2 from 42 with repeats) + 78 nucleus-nucleus 
interactions (combination of 2 from 12 with repeats). 
13 The spin-dependent part of the wavefunction will be discussed in section 2.1.3.  
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 𝐸𝑚𝑜𝑙 = 𝐸𝑒𝑙 + 𝐸𝑣𝑖𝑏 (2.5) 
As will be discussed in detail in section 2.1.3, the transition between two electronic 
energy levels is generally accompanied by a vibrational excitation. Such a combined 
transition is commonly named vibronic14 transition (Schwoerer 2006).  
In the limiting case of an oriented-gas (Davydov 1964) of Z non-coupled molecules, the 
ground-state electronic wavefunction |𝜑𝐺〉 is simply the product of the 
wavefunctions |𝜙𝑖〉 of the individual molecules, and the ground-state energy 𝐸𝐺 the sum 
of the corresponding single molecule energies 𝐸𝑖: 
 |𝜑𝐺〉 =∏|𝜙𝑖〉
𝑖
, 𝐸𝐺 =∑𝐸𝑖
𝑖
= 𝑍 ∙ 𝐸0, 𝑖 = 0…𝑍 
(2.6) 
If now the lth molecule is in the excited state |𝜙𝑙
∗〉, the wavefunction |𝜑𝑙
∗〉 and energy 𝐸∗ 
for the oriented-gas with one excited molecule become: 
 |𝜑𝑙
∗〉 = |𝜙𝑙
∗〉∏|𝜙𝑖〉
𝑖≠𝑙
, 𝐸∗ = 𝐸𝑙
∗ +∑𝐸𝑖
𝑖≠𝑙
= 𝐸∗ + 𝑍𝐸0, 𝑖 = 0…𝑍 (2.7) 
Obviously, the energy difference between the ground and the excited state of this 
system, ∆𝐸 = 𝐸∗ − 𝐸0, is identical to that of the single molecule. Consequently, also the 
optical spectra of the oriented-gas model are identical to those of the molecule. 
In a more realistic crystal model, the inter-molecular interaction gives rise to a splitting 
of the molecular orbitals by lifting the 𝑍-fold degeneracy of the molecular energy levels. 
Thus for 𝑍 molecules, the molecule orbitals split into 𝑍 separate levels. In an infinitely 
large crystal the orbitals become a continuous energy-band, whose width depends solely 
on the strength of the interactions between the individual molecules. This approach 
corresponds to the thigh-binding method  in solid-state physics (Czycholl 2008; Kittel 
2004) equivalent to the linear-combination of molecular orbitals (LCAO) method in 
quantum chemistry (Haken 2004). In both methods the intermolecular interaction V is 
treated as perturbation to the free-molecule SCHRÖDINGER-equation. For a rigid lattice the 
one-electron SCHRÖDINGER-equation is: 
 
ℋ|𝜓〉 = (∑ℋ𝑖
𝑚𝑜𝑙 +∑𝑉𝑖𝑗
𝑖≠𝑗𝑖
) |𝜓〉 = 𝐸|𝜓〉 (2.8) 
Here ℋ𝑖
𝑚𝑜𝑙 is the free-molecule one-electron HAMILTONian and 𝑉𝑖𝑗 the interaction 
between the ith molecule and jth. Because they do not consider the intermolecular 
interactions, the wavefunctions for the oriented-gas are not Eigenfunctions for this 
                                                 
14 Vibronic = Vibrational Electronic 
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SCHRÖDINGER-equation. Instead, the appropriate wavefunctions for the ground and first 
excited state, can be constructed by a linear combination of the ground- and excited-state 
molecule wavefunctions |𝜑𝐺〉 or |𝜑𝑗
∗〉, respectively. Thus, for the excited state we can 
write the ansatz: 
 |𝜓𝜇
∗〉 =∑𝐵𝑗
𝜇
|𝜑𝑗
∗〉
𝑗
=∑𝐵𝑗
𝜇
|𝜙𝑗
∗〉∏|𝜙𝑖〉
𝑖≠𝑙𝑗
 
(2.9) 
Introducing equation (8) into the SCHRÖDINGER-equation for the crystal using the crystal 
HAMILTONian (7) gives a system of Z coupled equations. The subscript 𝜇 then denotes the 
𝜇𝑡ℎ solution of this equation system. As the electron-wavefunction has to fulfill the same 
symmetry as the crystal-lattice, we can reduce the complexity of the problem by 
symmetry considerations. Mathematically, the space-group of the crystal describes its 
symmetry. It contains translations t, and proper and improper rotations α. For a 
translational invariant lattice a useful representation of the translation operator is: 
 𝒕 = exp (𝑖?⃗? ?⃗? ) (2.10) 
The ?⃗? -vector in this representation is a reciprocal lattice vector. For |𝑘| = 𝜋/𝑎, its 
magnitude equals the spatial frequency of the lattice. For a lattice whose elements are all 
completely invariant under a translation operator t (periodic symmetry): 
 𝜙(𝑟 + ?⃗? ) = 𝒕𝜙(𝑟 ) = exp (𝑖?⃗? ?⃗? ) ∙ 𝜙(𝑟 ) (2.11) 
In solid-state physics, wavefunction fulfilling this relation are termed BLOCH-functions 
(Czycholl 2008). A crystal with N primitive unit-cells each containing 𝜎 molecules can be 
 
Figure 2.2: Coulomb interaction causes a crystal shift of the excited states to lower energies. The quantum-mechanical 
overlap of many excited states leads to the formation of an exciton band. Finally the Davydov-splitting might split the 
exciton band in several sub-bands.   
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thought of as being composed of 𝜎 sublattices (Robinson 1970). The elements of each of 
the sublattices have to fulfill relation (10). The wavefunctions defined in (8) then read: 
 
|𝜓𝜇
∗〉 =
1
√𝑁
∑ 𝐵𝛼
𝜇 ∙ exp (𝑖?⃗? ?⃗? 𝑛𝛼)𝜑𝑛𝛼
∗
𝑁,𝜎
𝑛𝛼=0
 (2.12) 
Here n denotes the nth molecule in the 𝛼𝑡ℎ sublattice, and 𝑗 = 𝑛𝛼. The pre-factor stems 
from the necessary normalization of the wavefunction. On a first sight, this procedure 
seems not to have changed anything, but the problem is now reduced to a treatment of the 
molecules within the unit cell. The coefficients 𝐵𝛼
𝜇
 can be found considering the 
symmetry relations among those molecules. In general, there can be as many solutions µ 
for |𝜓𝜇
∗〉 as there are molecules per unit cell. This means that the excited state of a single 
molecule splits into 𝜇 bands in a molecule crystal. This phenomenon was first explained 
by DAVYDOV in his theory of molecular excitons (Davydov 1964) and is consequently 
called DAVYDOV-splitting. 
The wavefunctions in equation (12) describe a quasi-particle formed by a combined 
hole-electron pair state. This small-radius or FRENKEL exciton is a “collective excited 
state of an ensemble of atoms or molecules in an aggregate or in crystals” (Lanzani 
2012). The energy-eigenvalues corresponding to the FRENKEL-exciton (12) can be 
calculated from (8) using RITZ’S variation method.  
In the case of only one molecule per primitive unit cell, neglecting wave-function 
overlapp and including next-neighbor interaction only, we find:  
 𝐸 = 𝐸0
∗ + 𝐷∗ ± 2𝐽 cos(?⃗? ?⃗? ) (2.13) 
Here, 𝐸0
∗ is exited-state energy for the non-interacting oriented-gas, D is the static solvent 
shift and J is the next neighbor resonance interaction. The solvent shift D takes into 
account the change in the overall dielectric environment due to the surrounding 
molecules. As the excited-states generally have a higher polarizability than the ground-
state, the modification is weaker for the ground-state and the spectrum shows a 
bathochromic shift in the solid state compared to the “free”.molecule.  
The last term on the right-hand-side determines the band-width of the exciton band and 
its dispersion. It consists of the resonance interaction 𝐽 = ∑ ⟨𝜑𝑛
∗𝜑𝑛+1|𝑉|𝜑𝑛𝜑𝑛+1
∗ ⟩𝑛  and a 
cosine-term due to the periodic symmetry that splits the degenerate state into an energy 
band and specifies its k-dependence. The band-width corresponding to the difference 
between lowest and highest energy is ∆𝐸 = 4|𝐽|. The sign of the resonance interaction J 
determines the position of the minimum of the energy-band in k-space. It can be 
estimated in the framework of a point-dipole approximation. If the dipole moments for 
two neighboring molecules are 𝜇 𝑛 and 𝜇 𝑚 and 𝑟 𝑛𝑚 is the vector connecting their centers, 
the coulomb interaction between these molecules can be approximated as: 
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𝐽 =
( 𝜇 𝑛 ∙  𝜇 𝑚)|𝑟𝑛𝑚|
2 − 3( 𝜇 𝑛 ∙  𝑟 𝑛𝑚)( 𝜇 𝑚 ∙  𝑟 𝑛𝑚)
|𝑟𝑛𝑚|5
 (2.14) 
For co-planar dipoles, the interaction reduces to: 
 
J =
μ2
|rnm|3
∙ (cos α + 3 cos2 θ ) (2.15) 
Where 𝜃 is the angle “pitch” angle between the dipole and 𝑟𝑛𝑚, whereas 𝛼 is the angle 
between the dipoles. For 𝛼 = 0 and 𝜃 = 𝜋/2, the dipoles are exactly parallel and J < 0 
and the dispersion minimum of the exciton band is located at 𝑘 = 𝜋/𝑎 . If on the other 
hand  𝛼 = 𝜋 and 𝜃 = 𝜋/2, the dipoles are in a collinear configuration, J > 0  and the 
dispersion minimum is a 𝑘 = 0. The former configuration is commonly called an H-
aggregate and the latter a J-aggregate (Spano 2010; Varghese 2011). Figure 3 
schematically shows both situations. For visible light, the wavelength is large compared 
to the lattice constant a. Due to momentum conservation optical processes can therefore 
only take place at 𝑘 = 0. Therefore, in J-aggregates absorption and emission take place at 
the band-minimum at energies red-shifted from the single molecule case. In H-
aggregates, on the other hand, absorption to the upper edge of the exciton band is 
followed by rapid intraband relaxation to 𝑘 = 𝜋/𝑎. Therefore luminescence in H-
aggregates is forbidden, unless the momentum conservation is guaranteed by either 
phonons (lattice vibrations) or intra-molecular vibrations. 
The theory for molecule aggregation was developed already in the 1950ties (McRae 
1958). It has recently regained a lot of interested in the molecular spectroscopy 
community, as several materials have demonstrated the ability to radically change their 
 
Figure.2.3: For H-aggregates the minimum of the exciton dispersion relation is located at 𝑘 = 𝜋/𝑎, due to the 
parallel arrangement of dipoles. In this configuration emission is forbidden. On the contrary, the minimum of the 
exciton dispersion relation for the collinear arrangement of dipoles in J-Aggregates is located at 𝑘 = 𝜋/𝑎. Emission 
is thus highly allowed. Image freely created after (Engel 2005) 
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optical properties due to small variations in the packing-structure induced by external 
stimuli (Varghese 2011; Yoon 2010; Lim 2013).    
2.1.3 Spectra of Molecules and Molecular Crystals 
The absorption or emission of photons by a molecule or molecular crystal is connected 
to a transition between electronic states. The accompanying change in the electronic 
distribution induces a new geometric equilibrium configuration of the system. However, 
if the BORN-OPPENHEIMER approximation holds, the electronic transition is much faster 
than the relaxation of the nuclei. The interaction of a molecule with a photon can then be 
subdivided into two steps (Figure 2.4). In the first step (i) a vertical electronic transition 
occurs from the initial-state into a higher vibrational manifold of the final-state. 
Subsequently, in the second 
step (ii) the system adopts its 
new equilibrium configuration 
and relaxes into the vibrational 
ground-state of the final-state. 
Finally, in a third step (iii) the 
molecule relaxes again into the 
ground-state, emitting a 
photon. This adiabatic 
approximation for a transition 
between vibronic states is 
referred to as the FRANCK-
CONDON principle (Pope 
1982).  
Mathematically, the 
influence of a weak, periodic 
electromagnetic field on the 
crystal states corresponds to a time dependent perturbation of its SCHRÖDINGER-equation. 
The strength of the transition from the 𝜇𝑡ℎ-vibrational level of the 𝑚𝑡ℎ-electronic state to 
the 𝜈𝑡ℎ-vibrational level of the 𝑛𝑡ℎ-electronic is given by its transition matrix-element. In 
the dipole approximation this matrix element is the electronic transition dipole moment 
𝜇𝑚𝜇,𝑛𝜈 between the initial and final states. In the BORN-OPPENHEIMER approximation the 
transition-matrix is:     
 𝜇𝑚𝜇,𝑛𝜈 = ⟨Ψn𝜈|𝜇 |Ψmμ⟩ = ⟨𝜙𝑛|𝜇 |𝜙𝑚⟩⏟     
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐
⟨𝜒𝑛,𝜈|𝜒𝑚,𝜇⟩⏟      
𝐹𝐶 𝑓𝑎𝑐𝑡𝑜𝑟𝑠
⟨𝜉𝑛|𝜉𝑚⟩⏟    
𝑠𝑝𝑖𝑛
 (2.16) 
The separated transfer matrix element consists of three parts: an electronic, a vibrational 
(or FRANCK-CONDON) and a spin term. The dipole-moment 𝜇  only appears in the 
 
Figure 2.4: After a vertical electronic transition due to the absorption 
of a photon (i), the molecule adopts a new equilibrium configuration 
(ii) from where the recombination takes place (iii) 
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electronic factor, as the nuclei cannot respond fast enough to the oscillations of the 
electromagnetic waves with optical frequencies and the spin is intensive to the 
electromagnetic field. The FRANCK-CONDON factors ⟨𝜒𝑛,𝜈|𝜒𝑚,𝜇⟩ express the overlap of the 
vibrational wavefunctions, and thus determine the intensity distribution within the 
vibrational manifold of the vibronic transition. The spin-term has been ignored so far. If 
the spin-state of the excited electron is parallel to the spin of the total ionic core-
molecule15 the excited-state has triplet character, for anti-parallel spins it has singlet 
character.  
A transition between two energy-levels is allowed if none of the factors in equation (16) 
equals zero. From this condition the selection rules for optical transitions follow: 
1. ⟨𝜉𝑛|𝜉𝑚⟩ = 0 for transitions with change in spin direction. Therefore only singlet-
singlet and triplet-triplet transitions are optically allowed. Since the ground-state is 
usually a singlet state, only excited singlet states can be observed in the absorption 
and emission spectra. Triplet will therefore be neglected during the rest of this 
thesis.  
2.  ⟨𝜙𝑛|𝜇 |𝜙𝑚⟩ = 0 if the symmetry of the initial and final state is equal.  
Additionally for molecular crystals momentum conservation has to be taken into account. 
The total dipole transition-matrix 𝑀𝑚𝜇,𝑛𝜈 in the case of a lattice with one molecule per 
unit cell is (Engel 2005): 
 𝑀𝑚𝜇,𝑛𝜈 = 𝛿𝑘𝑘′√𝑁𝜇 𝑚𝜇,𝑛𝜈 (2.17) 
Where 𝑘 is the lattice wave-vector and 𝑘′ is the wave-vector of the photon. Thus 
additionally to the selection rules, the periodicity of the lattice establishes that emission 
and absorption can only take place at  𝑘′ = 𝑘, due to momentum conservation. Thus, as 
the phonon wavelength of visible light is large compared to the lattice constant a, optical 
processes can only take place at 𝑘 = 0.  
Absorption: The absorption of a photon corresponds to a transition of an electron from 
the S0 ground-state to the n
th excited-state Sn. According to FRANCK-CONDON principle 
the transition to higher vibration of the excited state is probable. The FRANCK-CONDON 
factors determine the intensity of these vibrational sidebands. In the model of displaced 
harmonic oscillators (Figure 2.4), the FRANCK-CONDON factors for the transitions form 
the vibrational ground state can be expressed as a POISSON distribution over the vibronic 
levels:    
 
𝐹𝐶𝑚0,𝑛𝜈 = ⟨𝜒𝑛,𝜈|𝜒𝑚,0⟩ =
𝑒−𝑆𝑆𝜈
𝜈!
 (2.18) 
The oscillator-strength for the absorption is(Haken 2004): 
                                                 
15 Thus the nucleus plus the all electrons that are not excited. 
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𝑓𝑚0,𝑛𝜈 =
8𝜋2𝑚𝑒
3ℎ𝑒2
∙
1
𝜆
∙ |𝜇 𝑚0,𝑛𝜈|
2
= 𝑓𝑚,𝑛 ∙
𝑒−𝑆𝑆𝜈
𝜈!
 (2.19) 
Here 𝑓𝑚,𝑛 is the pure electronics oscillator strength and S the so-called HUANG-RHYS 
factor, which is a measure of the displacement between the initial and the final state. This 
means that if no other effects occur, the intensity progression of the vibronic bands in an 
absorption spectrum of a molecule should follow a POISSON-distribution. 
Emission: After the transition into an excited vibronic state by the absorption of a 
photon, the electron relaxes non-radiatively into the vibrational ground-state of the S1 
excited state. This process is in the range on several femtoseconds and therefore faster 
than the optical relaxation to S0. KASHA formulated the rule that “Polyatomic molecular 
entities luminescence with appreciable yield only from the lowest excited state of a given 
multiplicity” (McNaught 2009). Form there is relaxes to different vibrational levels of S0. 
Therefore, the emission is often is a mirror image of the absorption spectrum. The shift 
between the intensity maxima of absorption and emission is called STOKES-shift. It 
includes contributions from the FRANCK-CONDON progression (i.e. a different nuclear 
arrangement of ground- and excited-states), from intraband transitions (KASHA’s rule) 
and form migration of excitons to lower energy sites, possibly in connection with trapping 
or self-trapping.  
2.1.4 The Excitation-Zoo in Organic Semiconductors 
Organic semiconductors support an entire zoo of possible excitations, some of which 
are collective entities and others that retain the character of the constituting molecules. 
Which description is appropriate depends on parameters like the strength of the inter-
molecular interaction and the degree of disorder present in the system. In literature one 
observes some confusion regarding the correct naming of the different types of 
excitations. This might be partly founded in the multi-disciplinarity of the field. Solid-
state physicists and crystallographers tend to emphasize collective properties, while 
chemists, material-scientists and spectroscopists preferably relate to the properties of 
isolated molecules. In an attempt to reduce the confusion at least a little for the readers of 
this thesis, I will specify in this section the definition of some frequently encountered 
excitations as they are used in this thesis. This listing is based on the work of LANZANI 
(Lanzani 2012). 
“Quasi-free” Charges: In highly regular crystals with a defined lattice order and a 
low amount impurities, charge carriers can be treated as quasi-free particles with 
an effective mass m*. Quantum-mechanically they are described as wavepackages 
of Bloch-waves that propagate through the crystal-lattice. The spectroscopic 
feature of these states is the characteristic DRUDE-tail in the far-infrared 
absorption spectrum, originating from the transition within the quasi continuum of 
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the conduction band. Usually, one cannot observe “free” charges in organic 
semiconductors thin films, as the intrinsic disorder in these materials tends to 
localize them (Lanzani 2012).  
Localized or Trapped Charges: The high amount of disorder in organic 
semiconductors leads to a collapse of the BLOCH-wavepackages into localized 
molecular states. Propagation of these “trapped” charges happens through 
“hopping” between different lattice sites. So called shallow traps can be thermally 
activated while deep traps have an energy barrier higher than 𝑘𝐵𝑇. The spectrum 
of trapped charges is that of the ionized crystal molecule or the trapping impurity 
respectively. Ion spectra are usually red-shifted compared to the neutral molecule 
due stabilization by Coulomb interaction. Charges carry the spin ½ (they are 
doublets). (Pope 1982) 
Excited Monomers: Optically active impurities with lower energies than the host 
excitons can sometimes be observed. A famous example is the doping of 
anthracene crystals with a low amount of naphthalene, which has been used in 
many basic studies on organic crystals. (Pope 1982)     
Excimers (Excitation Dimers): An excimer is a bound state of two monomers of the 
same molecule type that only exist if one of the molecules is excited. The ground 
state of this compound is anti-bonding. They do not have any direct ground-state 
absorption and therefore have to be excited by energy transfer. Their emission is 
characterized by a broad, structureless fluorescence band. In solids, excimers are 
localized bimolecular excitations of two molecules that share the excitation 
energy. They should not be confused with CT states, implying full charge transfer 
between molecules, neither with excitons, characterizing a coherent excitation of 
the crystal. A prerequisite is a small distance of the molecules usually achieved by 
efficient π-stacking (Pope 1984). 
Exciplex (Excitation Complex):  Like an excimer an exciplex is a bi-molecular entity 
that only exists in the excited state. However, if the molecules are of different 
types one speaks however about an excitation complex instead of an excimer.  
FRENKEL-Excitons: They are quantum-mechanically described by wave-packages, 
coherently moving through the solid. FRENKEL-excitons describe the excitation of 
weakly interacting aggregates. The dimension of the wave-package is mostly 
confined to one molecular unit. This is the type of excitons introduced in section 
2.1.2. 
WANNIER-MOTT-Excitons: WANNIER-MOTT excitons describe excitons for which 
the hole and the corresponding electron are separated by several lattice constants. 
The main characteristic of this type of exciton is hydrogen-like absorption and 
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emission behavior. It can be found in inorganic semiconductors, but is usually not 
observed in organic crystals (Pope 1982).  
Charge-Pairs, CT-states and CT-Excitons: Exciting the π-system might transfer a 
charge or part of it to a neighboring molecule by photo-induced electron transfer. 
If a full charge-transfer takes place, an ionic or correlated charge pair (CP) forms. 
These states are a precursor for the full charge separation typically present in 
organic photovoltaic cells. The charge might however also be incompletely 
transferred. The wavefunction of the resulting state then has both excitonic and 
ionic character. If the ionic character prevails, a (trapped) CT state is formed and 
the CT-state is strongly localized. If the excitonic character dominates, one speaks 
of a CT exciton that can coherently move through the crystal. Usually only 
localized CT-states can be observed. If CT excitons are more than a theoretical 
possibility is disputed. (Lakowicz 2010; Lanzani 2012).   
Polarons: Excitations (charges or excitons) polarize the surrounding molecules, 
which causes the crystal-lattice to relax into a new equilibrium. If the residence 
time of an excitation is longer than the lattice-relaxation time, the excitation is 
accompanied by a local deformation of the lattice. The combined state of the 
original excitation and the local polarization could is described by a new quasi-
particle called polaron. Depending on the type of excitation, exciton-polarons or 
charge-polarons can be defined (Silinsh 1994).     
2.2 Excitations in Oligothiophene and Perylene Thin-Films    
Investigations on the photo-physics of the organic compounds employed in this thesis, 
PTCDI-C13 (Loi 2006) and T4dim (Melucci 2011), are scares and superficial. The only 
spectroscopic data available on PTCDI-C13 was published by LOI ET AL., who compared 
the PL spectra and lifetimes of PTCDI-C13/quinquethiophene (T5) blended thin-films 
with different material ratios, but did not carry out further investigation on the single 
material photophysics (Loi 2006). The lack of data on T4dim is mainly due to its very 
recent synthesis. On the other hand, the prototype molecules MePTCDI16 and PTCDA17 
as well as T4 and T618  that show structural similarities with PTCDI-C13 and T4dim  have 
been repeatedly studied in the past (Hoffmann 2002; Kobitski 2003; Brinkmann 2000; Da 
Como 2006; Muccini 1998). This section reviews the most important photo-physical 
models for these compounds, which serve as a guideline for the interpretation of the 
spectra in the second part of this thesis. 
                                                 
16 MePTCDI : methyl-perylene-diimide 
17PTCDA: perylene-anhydride  
18 T4/T6: quaterthiophene and hexathiophene 
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All material discussed in this section have more than one translational inequivalent 
molecule per unit cell. The resulting presence of DAVYDOV-splitting is treated in section 
2.2.1. While the oligothiophenes behave as prototypical examples of DAVYDOV’S theory 
of molecular excitons, the situation for Perylene derivatives is complicated by self-
trapped bimolecular excitations. Section 2.2.2 therefore deals with excited state mixing 
and self-trapped excitations. Finally, as this thesis concentrates in particular on the 
emission properties, the fluorescence spectra will be discussed separately in section 2.2.3. 
2.2.1 Davydov Splitting  
Thin-films composed of unsubstituted oligothiophenes with an even number of 
thiophene rings, crystallize into a monoclinic lattice with four19 almost planer molecules 
per unit cell (Muccini 1998; Meinardi 2002; Meinardi 2003). Clearly, the approximation 
dealing with only translational invariant molecules that was used to derive the exciton 
band in equation (13) is no longer valid. Instead, one has to calculate the exciton 
wavefunctions by constructing a linear combination of basis-functions and subsequently 
solving the coefficient matrix 𝐵𝛼
𝜇
 (see also section 2.1.2). This task is simplified by 
utilizing the fact that the exciton wavefunctions must be invariant with respect to the 
symmetry of the crystal lattice. Even without calculations, one can qualitatively estimate 
the number of exciton branches by inspecting the symmetry relations between the 
molecules in the unit cell (Weiser 2002). Figure 5 presents the half-unit cell of 
hexithiophene. The two molecules are related to each other by a 2b screw axis. This splits 
the absorption of the molecule into two optically active DAVYDOV-branches. The second 
half of the unit cell is created by inversion of the center I of the bc face. This symmetry 
relation splits the DAVYDOV -branches another time into two active and two silent modes, 
                                                 
19 The second, less common, high-temperature crystal-phase (Generali 2010) will not be discussed here . 
 
Figure 2.5: The low-energy DAVYDOV component is only visible at low temperatures (4.5 K) in the absorption (a) and 
PL spectrum (b) of quaterthiophene. The arrangement of the molecules in the unit cell (inset c, only half cell shown) 
leads to a four-fold splitting of the exciton band (c). Images reproduced from (Muccini 2000; Tavazzi 2003) 
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such that in total four DAVYDOV-bands are present. Because of the larger separation 
between the half cells compared to the separation of the molecules in one half-cell, the 
second splitting is smaller than the first one. These observations can be generalized to all 
oligothiophens with an even number of rings, as they all have the same molecular as well 
as crystal symmetry.     
A more rigorous group-theoretical treatment of the crystal symmetry (Muccini 1998; 
Muccini 2000) according to the procedure discussed in section 2.1.2, yields the energy 
bands:  
 
𝐸(𝑏𝑔) = 𝐸0 + 𝐷 + 𝐽11 + 𝐽12 + 𝐽13 + 𝐽14
𝐸(𝑏𝑢) = 𝐸0 + 𝐷 + 𝐽11 − 𝐽12 − 𝐽13 + 𝐽14
𝐸(𝑎𝑔) = 𝐸0 + 𝐷 + 𝐽11 + 𝐽12 − 𝐽13 − 𝐽14
𝐸(𝑎𝑢) = 𝐸0 + 𝐷 + 𝐽11 − 𝐽12 + 𝐽13 − 𝐽14
 (2.20) 
The symbols have identical meaning as in section 2.1.2. The exchange integrals 𝐽1𝛼 have 
in a first approximation a cosine form in reciprocal space similar to equation (13). The 
symbols 𝑎𝑔 , 𝑎𝑢, 𝑏𝑔, 𝑏𝑢 denote the symmetry of the dipole transition moments 
corresponding to the respective energy levels. The grade-transitions denoted by g are 
optically active, while the ungrade transitions are silent. For more information on the 
influence of symmetry on optical transitions the reader is referred to the textbook of 
HAKEN AND WOLF (Haken 2004).  
MePTCDI and PTCDA both organize 
in cofacial planes parallel to the substrate. 
The principal molecular dipoles arrange 
into a structure resembles an H-
aggregate. Form a crystallographic point 
of view, both the compounds form 
centro-symmetric mono-clinic lattices 
(C2h) with two molecules per unit cell 
(Hädicke 1986; Engel 2005). On the basis 
of this crystallographic data one would 
therefore expect a twofold DAVYDOV-
splitting of the exciton band, similar to 
the discussion on quaterthiophene. 
Moreover, similar to T6 the direct 0→0 
transition from the S0 ground-state to the 
vibronic origin of the S1-state, as well as 
the corresponding 0←0 relaxation, should 
 
Figure 2.6: The form of the absorption (dashes) and PL 
(straight line) spectra of PTCDA (a) and Me-PTCDI (b) 
cannot be explained in the Davydov-picture of molecular 
excitons. Image reproduced form (Ferguson 2006) 
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be symmetry forbidden (Spano 2010; Hennessy 2001; Kasha 1965).  
This approach, however, can neither explain the spectra of MePTCDI depicted in Figure 
6 a) nor the spectra of PTCDA Figure b). Indeed, for this class of molecules the pure 
FRENKEL-exciton model fails to describe the optical transitions. Due to the small distance 
between the coplanar Perylene molecules, bimolecular states like charge-transfer states or 
excimers have to be taken into account. 
2.2.2 Self-Trapped Excitations and State-Mixing 
The absorption spectra of many organic (poly-)crystalline thin-films show an 
exponential decay tail of the absorbance towards lower energies. This feature is a result of 
the existence of self-trapped excitations (Song 1993). Typical examples of self-trapped 
excitations are charge-transfer states and excimers (Silinsh 1994). These bimolecular 
excitations tend to deform the surrounding lattice, which lowers the total energy and 
effectively forms a trapping state. A completely phenomenological description of this low 
energy feature is given by the URBACH-rule (Urbach 1953; Davydov 1968): 
 𝛼(𝐸) = 𝛼0 ∙ exp (−𝜎
𝐸0 − 𝐸
𝑘𝑇
) (2.21) 
Here 𝛼0 and 𝐸0 are fitting parameters, whose physical meaning is not exactly defined, k is 
the Boltzmann constant and T the temperature. The most important factor is the slope 
constant 𝝈, also called URBACH-constant. Schreiber and TOYOZAWA showed that it can 
be used to estimate the exciton-phonon coupling constant 𝒈 by a simple reciprocal 
relationship: 
 𝑔 =
𝑠
𝜎
 
(2.22) 
The dimensionless constant s is the steepness index. For a three dimensional lattice it is 
approximately 1.5. Self-trapping occurs if the exciton-phonon coupling constant exceeds 
the critical value 𝑔𝑐 depending on the number of nearest neighbors 𝜈 (Song 1993): 
 𝑔𝑐 = 1 − (2𝜈)
−1 (2.23) 
A material with a simple crystal lattice, like PTCDA or T4, with 𝜈 = 6 next neighbors has 
the highest critical value for a three-dimensional structure, i.e. 𝑔𝑐 = 0.92. For PTCDA, 
with a simple triclinic lattice, KOBITSKI ET AL. measured a coupling factor of 𝑔 = 1.6  
(Kobitski 2001). This is a clear indication of the existence of self-trapped species. Indeed, 
CT-excitons and excimers were observed in the PTCDA spectra (Kobitski 2002; Bulović 
1996). For oligothiophenes no coupling factor has been determined so far. Also 
electromodulation measurements show no evidence for self-trapped CT-excitons 
(Videlot-Ackermann 2006).  
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The presence of CT-excitons turned out to be fundamental for the understanding of the 
optical spectra of PTCDA. The first model that qualitatively reproduces the absorption 
spectra of PTCDA assumed the existence of FRENKEL-type (FE) and charge-transfer 
excitations (CTE), each with its vibrational sidebands (Soos 1998; Hennessy 1999). 
HOFFMAN ET AL extended this approach to a one-dimensional linear chain model 
(Hoffmann 2000) and moreover considered a linear coupling of the excitons to the 
phononic modes of this molecule chain, using a HOLSTEIN polaron model. MAZUR ET AL. 
(Mazur 2003) generalized the FE-CTE-mixing model to a realistic three dimensional 
lattice. Indeed, their model reproduces the spectra very well. It should be noted, that 
VRAGOVIC ET AL. proposed an alternative three-dimensional model that is solely based on 
FRENKEL excitons and only considers intramolecular vibrations. Their work shows that 
for a realistic three-dimensional model, no CTE contributions are necessary to accurately 
reproduce the absorption and photoluminescence spectra (Vragović 2003). Yet, as 
MAZUR ET AL. pointed out, the model fails to explain the strong permanent molecular 
dipole moments observed in the electro-absorption of PTCDA, which are generally a 
strong evidence for the existence of CT-states (Mazur 2003). 
2.2.3 Aggregation-Effects and Fluorescence Spectra 
Fluorescence spectra are particularly sensitive to the aggregation behavior of the 
molecules. If the molecular dipole moments are oriented parallel to each other and the 
exciton is delocalized over the entire crystal, the participating dipole moments interfere 
destructively leading to a complete cancellation of the 0←0 relaxation (section 2.1.2). 
Oligothiophens are a good example for this behavior. Due to the parallel orientation of 
the dipoles, the photoluminescence from oligothiophene-based crystals is massively 
quenched compared to the isolated molecule (Muccini 1998). Theoretically, this evidence 
was already reflected in the calculation of the exciton-bands in section 2.2.1. Here the 
optically silent ungerade-bands (𝑏𝑢, 𝑎𝑢) had a lower energy value than the corresponding 
optically allowed gerade-bands (𝑏𝑔, 𝑎𝑔). In particular the lowest energy band has 𝑎𝑢 
symmetry.  
Using a full treatment of vibrational sidebands and lattice phonons, SPANO and 
coworkers (Spano 2010; Zhao 2005) demonstrated that, even if the 0←0 relaxation is 
forbidden, relaxation to higher vibrations of the ground-state (vibronic sidebands) are 
still allowed, albeit with a reduced intensity. The coupling of the optical transition to the 
internal vibrational degrees of freedom guarantees the momentum conservation in this 
case. Hence, the 0←1 relaxation, instead of the 0←0 relaxation, dominates the PL of 
oligothiophens. Moreover the full suppression of the 0←0 relaxation is strictly speaking 
only true for an excitation delocalized over an infinite crystal. In real crystals the 
influence of the dipole-ordering is a function of the coherence length of the exciton – 
thus of the number of sites over which the exciton is delocalized. On can empirically 
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evaluate the exciton coherence length form the ratio of the 0←0 relaxation, which is 
sensitive to the coherence length, with respect to the 0←1 relaxation, which is not: 
 𝑅𝑒𝑚 ≡
𝐼0←0
𝐼0←1
 (2.24) 
The coherence length is limited by static and dynamic disorder. The former describing 
lattice imperfection and impurities and the latter describing lattice vibrations or phonons. 
𝑅𝑒𝑚 increases with increasing structural disorder and with increasing temperature. For 
oligothiophenes, the emission remains however so weak, that for thin-films defect 
emission dominates the spectrum of oligothiophenes (Muccini 1998). 
The comprehension of the recombination processes in MePTCDI and PTCDA still more 
limited. The photoluminescence of Perylene crystals was intensively studied in the 
1980ies by NISHIMURA ET AL. (Matsui 1982; Nishimura 1984; Nishimura 1985). They 
concluded that the emission of Perylene originates mainly from the recombination of self-
trapped rather than free excitons. The high emissive yield of the self-trapped states is 
consistent with their nature as excimers. Consequently, also most parts of the studies on 
nature of the excited states in crystalline PTCDA and Me-PTCDI films attributed the 
observed PL to a high-energy FRENKEL-exciton and a low energy excimer (Gómez 1997; 
Leonhardt 1999). KOBITSKI ET AL. carried out the most extensive study of the 
photoluminescence of MePTCDI and PTCDA in thin-films (Kobitski 2003) and single 
crystals (Scholz 2000; Kobitski 2002; Kobitski 2003). They arrived at rather complex 
interpretation of the PL spectra. According to their investigations the PL at low-
temperature is dominated by FRENKEL-Excitons with small contribution from weak CT-
states, while at higher temperatures a pronounced excimer state dominates the spectrum 
(Kobitski 2002). However, in their work they did not take into account the effect of 
exciton -trapping and of the temperature dependence of the exction coherence length. 
 
Figure 2.7: The emission spectrum of H-Aggregates dependents strongly on the amount of defects (a) and the 
temperature (b) in the system, because the exciton coherence-length decreases with static (defects a) and dynamic 
disorder (temperature b). In particular at higher temperatures, phonon-assisted recombination of the 0-0 transition is 
possible. Figures reproduced from SPANO (Spano 2010). 
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2.3 Electro-modulation of Photoluminescence 
In optoelectronic devices, the presence of external electric-fields and of injected charges 
alters the behavior of excitons, which is observed as (photo-) luminescence electro-
modulation (PLEM), or electrical exciton quenching. Understanding this behavior is 
particularly important in order to optimize the efficiency of such devices and therefore 
has been the subject of many efforts. Several possible mechanisms have been identified as 
possible origins, including the STARK-effect (Kanada 2000; Ara 2006), field-enhanced 
exciton dissociation (Kalinowski 2006; Stampor 1997) and interaction of excitons with 
charges (Reynaert 2006; Gulbinas 2010). This section introduces the three 
aforementioned causes in detail and established the conditions under which they occur. It 
should be noted that basically all findings discussed in this section, were obtained from 
OLED structures. The first conclusive studies on OLETs were conducted in the scope of 
this thesis. 
2.3.1 Molecules in Strong Electric-fields: STARK-Effect 
The STARK-effect is the electrical equivalent to the magnetic ZEEMAN-effect. It 
describes “a reversible change observed in a spectrum upon application of an electric 
field.“ (Andrews 2001). More specific, it manifests itself by a shifting and splitting of 
bands in the absorption and emission spectra. It can be understood considering the 
alignment of a molecular dipole-moment towards an external electric field. An orientation 
of the dipole parallel to the direction of the field has a lower energy with respect to the 
case of no field. On the other hand, a dipole-orientation opposing the field direction has a 
higher energy with respect to the case of no field. If no permanent dipole moment exists, 
an induced dipole-moment is formed due to the polarizability of the molecule. The 
influence of the STARK-effect depends linearly on the electric field if a permanent 
molecular dipole moment exists and quadratically on the electric field if only induced 
dipole moments exist.  
A full mathematical treatment of the STARK-effect requires treating the influence of the 
electric field on the system HAMILTONIAN by quantum-mechanical perturbation-theory. 
The first order perturbation then gives rise to the linear STARK-effect and the second order 
gives rise to the quadratic STARK-effect. The result can be expressed in terms of the 
differential absorption coefficient ∆𝛼 as (Videlot-Ackermann 2006): 
 ∆𝛼 = −
1
2
∆𝑝̅̅̅̅ 𝐹2
𝜕𝛼
𝜕𝐸
+
1
6
(∆𝜇𝑑𝐹)
2
𝜕2𝛼
𝜕𝐸2
 (2.25) 
Where  ∆𝑝̅̅̅̅  describes the average change in the molecular polarizability upon excitation 
with a photon of the energy 𝐸 and ∆𝜇𝑑  denotes the difference of the molecular dipole-
moments between ground and excited state. Thus, the absorption of states with a 
permanent molecular dipole-moment changes proportional to the first energy-derivative 
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of the absorption spectrum. The absorption of other states varies according to the second 
derivative.     
The influence of the STARK-effect on the emission is twofold (Kanada 2000; Ara 
2006). First, the absorption spectrum might shift out of resonance, resulting in a lower 
excitation density. Second, the STARK-effect can enhance non-radiative decay channels. 
Even though the STARK-effect might have some influence, the changes in the optical 
spectra are extremely low for the materials discussed in this thesis (see chapter 4). Its 
major influence is therefore an auxiliary role to foster the dissociation of excitons 
(Gulbinas 2010).  
2.3.2 Field-enhanced Dissociation of Excitons 
The mechanism underlying the photo-generation of charge-carriers in organic 
photovoltaic cells and photo-detectors is the dissociation of neutral excitons into free 
holes and electrons, which can travel through the semiconductor independently from each 
other. An effective photocurrent occurs if both charges reach an electrode. The total 
dissociation efficiency includes intrinsic (bulk dissociation) and extrinsic (dissociation at 
surfaces/interfaces, photo-assisted charge injection, dissociation at traps) contributions. 
Separating these contributions is often difficult, which leads to very different 
interpretations of the dissociation mechanism (Barth 1998). 
The most widespread model for exciton dissociation is the ONSAGER-theory for ion 
separation (Onsager 1938) in the formulation of CHANCE AND BRAUN (Chance 1976). 
This model assumes an isotropic medium containing a small20 amount of weakly bound 
charge-pairs21, which are separated by a radius r0. The charges perform a thermally driven 
diffusive motion in their mutual coulomb potential. To fully separate from each other they 
need to overcome the attractive potential. The initial radius of the charges can be 
calculated from the activation energy required to separate the charges (Pope 1982): 
 𝑟0 =
𝑒2
4𝜋𝜖𝜖𝐸𝐴
 (2.26) 
Here e is the elementary charge, while 𝜖 and 𝜖0 are the relative and vacuum permittivity, 
respectively. Thermally assisted bulk-dissociation is an improbable process (Pope 1984). 
However, an external electric-field modifies the potential of the two particle excitation 
and lowers the separation barrier. In practice, significant field quenching occurs at a field 
of 106 V/cm or higher. At high fields the quenching can surpass 50%, but it drops down to 
below 10% at a field below 106 V/cm. (Deussen 1996; Gulbinas 2002; Arkhipov 2004) In 
OLEDs such field-strength are frequently achieved, which makes exciton dissociation an 
                                                 
20 The amount should be sufficiently small that interaction between charge-pairs can be neglected. 
21 . The nature and formation of this initial charge-pair state is still a topic intense debate in the scientific 
community (Müller 2003). Possible candidates are for example CT-excitons. 
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important loss mechanism reducing the radiative quantum efficiency in these devices. In 
OLETs the field strength is far less, which is one reason for the higher efficiency of these 
devices compared to OLEDs (Capelli 2010). 
2.3.3 Exciton - Charge Carrier interaction  
Excitons can be quenched by interacting with free or trapped charge carriers, according 
to the reaction scheme: 
 𝑆1 + 𝐷0⟶ 𝑆0 + 𝐷𝑛 (2.27) 
Here 𝐷0 stands for the ground-state of an ionized molecule, which corresponds to a 
doublet state with spin ½, and 𝐷𝑛 for its n
th excited-state. The transfer of excitation 
energy might lead to the creation of “hot carriers”, which are less prone to trapping. 
Energy transfer to already trapped charges might be sufficient to release them. In both 
cases the density of mobile charges is increased, leading to photoconduction (Pope 1982) 
(however not to a photovoltaic effect, which would require the dissociation of excitons).   
On a microscopic scale exciton-charge interaction can be the result of either long range 
FÖRSTER-type resonant energy-transfer (RET), or short range diffusion limited 
interaction. RET is a non-radiative process mediated by dipole-dipole interaction. The 
rate for FÖRSTER energy-transfer is: 
 
Γ𝐹 =
3
2
𝜅2𝑘𝐷
𝑟𝑎𝑑 (
𝑅0
𝑟
)
6
 (2.28) 
Here 𝑘𝐷
𝑟𝑎𝑑 is the radiative rate of the donating molecule without the presence of an 
acceptor, 𝜅 is a factor determined by the relative orientation of the dipole moments of 
donor and acceptor, 𝑟 the distance between donor and acceptor, and 𝑅0 is the so called 
FÖRSTER-radius, which depends on the overlap of the donor with the acceptor spectrum.  
For the orientation factor the following values apply: 𝜅2 = 0 for orthogonal dipole 
moments, 𝜅2 = 1 for parallel dipole moments, 𝜅2 = 4 for collinear dipole moments and 
𝜅2 = 2/3 for randomly oriented dipole moments (Lakowicz 2010). 
In the case of low oscillator strength or a missing overlap between the emission and 
absorption spectra, FÖRSTER-transfer is not available. In this case energy transfer can 
occur by the formation of a combined quantum-mechanical state of the donor and the 
acceptor molecule, according to the reaction scheme: 
 
𝑆∗ + 𝐷 ⇄ (𝑆. . . 𝐷) ⇄⏞        
Γdc
 𝑆0 + 𝐷
∗ 
(2.29) 
This mechanism needs a spatial overlap of the participating molecular wavefunctions. It 
is therefore only active on a very short scale and the reaction rate is essentially limited by 
the diffusion of the charges and excitons.  
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3 Photophysics of PTCDI-C13 and T4Dim 
Before we can investigate the behavior of excitons in active field-effect devices, a basic 
comprehension of their photophysics in unperturbed thin-films has to be developed. At 
the time this thesis was written, no investigations on the specific photophysics of PTCDI-
C13 and T4dim thin-films existed in literature. This chapter therefore presents a 
fundamental characterization of the spectral features of these molecules. Particular care is 
given to the interpretation of the photoluminescence (PL) spectra, as photoluminescence 
spectroscopy is the investigation tool implemented in chapters 5 and 6 for studying the 
exciton quenching process in organic optoelectronic devices. All spectra discussed in this 
chapter were obtained from polycrystalline thin-films, fabricated in the same way as the 
active layer in organic field-effect transistors (OFETs). For details on the sample 
fabrication, the reader is referred to the supporting material in appendix A. 
Even though, due to the weak intermolecular interactions, molecular properties 
dominate the photophysics of organic thin-films, the molecular packing still has a crucial 
influence on their optical properties (Pope 1982; Varghese 2011). The first section of this 
chapter (section 3.1) therefore reviews the solid-state packing of PTCDI-C13 and T4dim. 
In the solid state, both molecules adapt a structure with a parallel orientation of their long 
molecular axis. As their principle dipole moments are oriented in the same direction 
(Kobitski 2002; Da Como 2006), this arrangement corresponds form a photophysical 
perspective to an H-aggregate. Indeed, some typical features of H-aggregates, such as the 
temperature dependence of the spectral features, were observed in the absorption and 
emission spectra (section 3.2 and 3.3). Moreover, measurements on PTCDI-C13 at low 
temperature showed clear signs of ultrafast energy-transfer (section 3.4). This observation 
could be explained by intraband relaxation of excitons due to their dispersion relation, 
caused by the H-aggregation of the molecule.  
3.1 Review of Crystal Structures  
The arrangement of the molecules in crystal structures can have a huge influence on 
absorption and emission spectra. Most important, the relative orientation of the molecules 
defines the dispersion relation of the fundamental excitations – the excitons - and 
determines if the material has a direct or an indirect optical band-gap. Gathering 
information about the crystal structure and the relative orientation of the molecules is 
therefore of fundamentally important for a correct interpretation of the optical spectra. 
This section reviews the data on the crystal structure and packing of T4Dim and PTCDI-
C13 available in literature.   
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3.1.1 Crystal-Structure of T4dim 
Oligothiophenes are well-known for their herringbone crystal packing (figure 3.1d). For 
most oligothiophenes two polymorphs exist, with two or four molecules per primitive 
unite cell, respectively. Because the selection of the polymorph depends on the substrate 
temperature during the growth, most authors classify them into a high temperature (HT, Z 
= 2) and a low temperature (LT, Z = 4) polymorph (Da Como 2006; Siegrist 1998). 
MELUCCI ET AL. (Melucci 2011) found that, contrary to its parent molecule, crystalline 
quaterthiophene-diimide organizes in a co-planar fashion (figure 3.1b). These molecules 
form supra-molecular one-dimensional molecular networks, with an in-plane structure 
corresponding to a 3D brick-wall arrangement (figure 3.1 a,b). The in-plane bonding is 
promoted by three types of hydrogen bonding (figure 3.1 c): (i) In CH∙∙∙O bonds, the 
oxygen atoms interact with the first unit of the alkyl-chain of a neighboring molecule. (ii) 
The sulfur atoms of the fused imide-Thiophene rings interact with the sulfur atoms of the 
neighboring molecule. (iii) The same atoms are also engaged in weak CH…S interactions 
with the inner hydrogen atoms of the thiophene rings of the neighboring molecule. The 
planes adopt a slipped π-π stacking, with an inter-planar distance of ca. 3.51 Å and a 
slipping along the long molecular axis of 3.32 Å, which corresponds to a slip-angle of ca. 
65° (figure 3.1 f). MELUCCI ET AL. found a primitive triclinic BRAVAIS-lattice with one 
molecule per unit-cell. The molecules lie on a crystallographic inversion center with 
midpoint on the central bond between two thiophene units (figure 3.1 b).   
 
Figure 3.1: Crystal packing of T4Dim, (a) & (b). Contrary to the Herringbone-packing (d) of unsubstituted 
quaterthiophene, T4Dim arranges itself into a brick-wall packing motif (c), which is characterized by a roll angle 
between the molecular units (e). In the thin-film phase the slip angle (f) is reduced compared to the crystal phase, 
depicted in (a) and (b). Images a), b) adopted from (Melucci 2011) 
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Table 3.1: Crystal structures of discussed Perylene and Oligothiophene derivatives. LT = Low Temperature 
Phase, HT = High Temperature Phase, RT = Room Temperature Phase 
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It is doubtful if the single-crystal structure can be considered well-related to the 
structure of microcrystalline domains in thin-films. Indeed, the MELLUCCI AT AL. 
suggested that in thin-film a different polymorph with an smaller slip angel is present 
(Melucci 2011). In an extreme case the molecules adopt a pure coplanar brick-wall 
arrangement (figure 3.1b). Form a photophysical point of view, this packing corresponds 
to a perfect H-aggregate. An increasing slip-angle first reduces the exciton bandwidth of 
the aggregate and subsequently transforms into a highly luminescent J-aggregate. The 
spectroscopic data gathered in this chapter suggest the arrangement as an H-aggregate. 
The roll-angle (figure 3.1e) between two T4dim molecules does not have any pronounce 
effect on the photophysics of the material. 
3.1.2 Crystal-Structure of PTCDI-C13 
Unsubstituted Perylene molecules crystallize into two different polymorphs (Kampen 
2010), either in a sandwiched Herringbone fashion with four molecules per unit cell (α-
phase) or in a pure Herringbone fashion with two molecules per unit cell (β-phase). The 
crystal structure of n-alkyl substituted Perylene-diimdes depends on the chain length n of 
the end-substituents. This circumstance gives rise to the well-known crystalochromic 
behavior of PTCDI dyes (Gisslén 2009) and can be used to tune the intermolecular π-π 
interactions. For Me-PTCDI (n = 1) thin-films several studies have shown a brick-wall 
arrangement of the molecules. (Wan 2008; Hädicke 1986a). CHESTERFIELD ET AL. 
investigated the influence of the alky-chain length on structure, morphology and TFT-
mobility of PTCDI-CnH2n+1 thin-films on glass and silicon substrates, for n = 5, 8, 12 
(Chesterfield 2004). They showed that all molecules adopt a similar π-stacking in a 
triclinic BRAVAIS lattice, with two molecules per unit cell. In this packing the long axis of 
 
Figure 3.2: Long alkyl-chain Peryelene-diimides (here PTCDI-C8) crystallize triclinic lattice with two molecules per 
unit cell (images adopted form (Krauss 2008)). The crystallographic data for different molecules are listed in table 1. 
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the Perylene-core is roughly oriented perpendicular to the substrate. Similar results were 
obtained by HAEDICKE (Hädicke 1986b) for n = 5 and KRAUSS (Krauss 2008) for n = 8. 
Considering the continuity of the packing behavior for larger n, one can safely assume 
that PTCDI-C13H27 organizes in a similar fashion. Some X-Ray diffraction (XRD) data  
was published by TATEMICHI ET AL. (Tatemichi 2006) and by ZHANG ET AL. (Zhang 
2009), without conducting an in-depth investigation. Table 4.1 summarizes the structural 
information discussed here, as well as some reference materials. 
3.2 Absorption Spectroscopy 
3.2.1 Experimental 
The thin-film absorption spectra of PTCDI-C13 were obtained form a 15 nm thick, 
thermally evaporated thin-film, while for the T4Dim spectra a 30 nm films was used. To 
guarantee integrity with the following chapters, the film thickness in both cases were 
chosen to correspond to the thickness of the semiconducting layer in the optimized 
devices utilized in chapters 4 and 5. All films were grown at room-temperature with a rate 
of 0.1Å/s on a PMMA coated glass-substrate. The growth conditions used for fabricating 
the thin-films were the same that are used for depositing the active-layer in field-effect 
devices. Moreover, as reference samples, dichlorobenzene -solutions with a concentration 
of 10-4 mol/l were fabricated for both materials. 
The absorption measurements were carried out by a JASCO V-550 UV-Vis 
spectrometer under ambient conditions. Reference spectra of the substrate (Glass + 
PMMA) were subtracted from the sample data.  
Electro-absorption measurements on PTCDI-C13 were carried out on a 15 nm thick thin-
film in capacitor structure. In this case, glass substrates covered with a conductive layer 
of ITO were used. The ITO electrodes were separated from the PTCDI-C13-
semiconductor by a 450nm spin-coated PMMA layer. The semiconductor films were 
grown with the same parameters as discussed before. A 50nm Au-electrode was 
evaporated on top of the semiconductor.  The capacitor fabrication performed in a glove-
box under nitrogen atmosphere and the samples were encapsulated before they were 
exposed to ambient air. 
The EA spectra were obtained by measuring the differential change in the absorption, 
when applying a 200V AC-bias, corresponding to an electric-field of 4.3 MV/cm, to the 
devices. The samples were excited by a 300W Xenon arc-lamp. Individual wavelengths 
were selected by a monochromator. For detection a lock-in scheme was applied. The 
excitation-light was modulated by a mechanical chopper in front of the sample, with a 
frequency of 1 kHz. The transmitted light was recorded by a silicon-photodiode and 
processed using a digital lock-in amplifier (Stanford Research Systems SRS830).  
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To obtain correct electro-absorption spectra, no charges may be injected into the 
semiconductor. Because PTCDI-C13 is a pure electron transport material, a purely 
negative AC-bias was applied to the ITO-electrode, so that no holes could be injected 
from the metal electrode. On the other hand, the insulating PMMA-layer prevented the 
injection of electrons form the ITO electrode. Additionally, also the high frequency of the 
AC-bias hindered charge injection.   
3.2.2 PTCDI-C13: Thin-Film Absorption Spectra and Comparison to Solution 
 The solution absorption spectrum of PTCDI-C13 (dotted blue line in figure 3.3) showed 
three clearly resolved bands. A shoulder at the high energy side indicated the presence of 
an additional fourth band. A low energy tail which is usually found in the absorption 
spectrum of partially aggregated solutions was not observed.  The emission spectrum 
(dotted red line in figure 3.3) was nearly the mirror-image of the absorption spectrum, 
with only a small STOKES-shift between the maxima of both spectra. The intensity 
distribution between the vibronic sidebands of both spectra strictly followed a POISSON-
distribution, with the intensity maximum located at the first band. Therefore the 
associated HUANG- RHYS factor was smaller than one (𝑆 < 1). The fractional HUANG- 
RHYS factor and the small STOKES-shift indicate a high rigidity of the optically active 
parts of the molecule. 
The thin-film absorption spectra of PTCDI-C13 (solid blue line in figure 3.3) showed 
 
Figure 3.3: The absorption and emission of polycrystalline PTCDI-C13 show distinctly different spectra from the 
solution measurements. In particular the absorption coefficient of the solution spectrum was 10x higher than in the thin-
film case. Thin-film absorption bands are marked with minor and thin-film emission bands with major roman numerals.   
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four distinct peaks centered at 2.16 eV, 2.34 eV, 2.54 eV and 2.64 eV. They are marked 
as i, ii, iii and iv in figure 3.3. Compared to the solution spectrum, the onset of the 
absorption was shifted about190meV to lower energies. Bands ii, iii and iv were located 
at the approximately the same positions as the vibronic progression of the solution 
spectrum. Moreover, the absorption coefficient was about 10x lower in the thin-film than 
it was in solution.  
The large variation of the form of the thin-film absorption spectrum compared to the 
solution indicates a large influence of the molecular packing on the optical properties of 
PTCDI-C13. Indeed, investigations by several groups on Perylene-diimide and Perylene-
anhydrides, demonstrated a strong dependence of the optical spectra on the solid-state 
packing (Gregg 1996; Cormier 1997; Liu 2002; Struijk 2000). The prevalent explanation 
is that depending on the degree of π-orbital overlap, bimolecular CT-states can form and 
contribute to the absorption spectrum. This line of argumentation is most likely valid for 
PTCDI-C13 as well. 
3.2.3 Charge-Transfer-States: Electro-absorption  
In the previous section, the presence of CT-states was suggested to explain the form of 
the absorption spectrum of PTCDI-C13.  Possible charge-transfer contribution can be 
evaluated by making use of their electrostatic properties. FRENKEL-excitons typically 
extend over one molecule, with the excited electron and the corresponding hole located 
on the same site. This charge distribution does not produce a significant permanent dipole 
moment22. In the case of a CT-state, hole and electron are located a different molecules. 
Consequently, a typical signature of a CT-exciton is the presence of a molecular dipole 
moment. Measuring the electro-absorption of a molecule in an electric-field is a viable 
way to determine this dipole moment.   
A strong electric field alters the energy-levels of a molecule due to the STARK-effect 
(Haken 2004). For neutral FRENKEL-excitons, the energy-shift is related to the change of 
the average polarizability ∆𝑝̅̅ ̅ between the ground- and the excited-state in an electric field. 
A CT-state possesses significant electric dipole-moment in the range of  𝜇𝑑 = 10 − 30 D. 
The field-induced shift in this case is related to the change ∆𝜇𝑑 of this dipole-moment 
between the ground- and the excited-state in an electric field. The corresponding change 
of the absorption coefficient can be calculated by (Videlot-Ackermann 2006; Andrews 
2001):  
 ∆𝛼 = −
1
2
∆𝑝̅̅̅̅ 𝐹2
𝜕𝛼
𝜕𝐸
+
1
6
(∆𝜇𝑑𝐹)
2
𝜕2𝛼
𝜕𝐸2
 (3.1) 
                                                 
22 Of course this only true, if the molecule is electrically neutral in its ground and excited states. For 
example, some molecules experience an internal charge transfer that introduces a dipole moment in the 
excited state (Horie 2000). 
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Here, ∆𝛼 is the change in the absorption, 𝐹 is the applied field and 𝐸 the photon-energy. 
The electro-absorption signal was checked to scale quadratically with the applied field as 
expected. Neither changing the field-strength nor changing the modulation frequency, 
influenced the position of the measured absorption bands.  
The differential electro-absorption ∆𝛼 of PTCDI-C13 (circles in figure 3.4 a) followed 
neither entirely the first nor entirely the second derivative of the absorption spectrum. 
Rather it could be divided into two parts. Above 2.4 eV, ∆𝛼 corresponded to the second 
derivative (blue-line in figure 3.4 a) of the absorption spectrum. Below approximately 
2.3eV, ∆𝛼 moved away from the second derivative and increasingly strived towards the 
 
Figure 3.4: The resemblance of the second absorption-derivative  (a, blue line) by the electro-absorption spectrum of 
PTCDI-C13  (circles) above 2.4 eV indicates the presence of CT contributions to bands iii and iv (b). For low energies 
the electro-absorption converges towards the first-derivative (a, red-line), indicating a more FRENKEL-like character of 
bands i and ii (b). The inset of (a) shows the capacitor devices used to measure the electro-absorption spectrum.  
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first derivative (red-line in figure 3.4 a) at lower energies. This progression of the electro-
absorption indicates a strong contribution of a permanent dipole-moment for the high 
energy bands iii and iv. Thus the presence of CT-states or similar excitations is expected 
in this region. For bands i and ii at lower energies the FRENKEL-type character prevails.  
3.2.4 Discussion of PTCDI-C13-Absorption 
The structural data gathered in section 3.1 suggested a parallel arrangement of the 
molecules in polycrystalline PTCDI-C13 (see also figure 3.2).  From a photophysical 
perspective, this arrangement corresponds to an H-aggregate. Thus, judging from its 
presumable structure, PTCDI-C13 should show a hypsochromic-shift of its thin-film 
absorption spectrum compared to the spectrum of the dissolved molecule. Moreover, a 
relocation of the highest oscillator strength to a higher vibration of the excited-state (0→n 
transition), a very low oscillator strength for the origin of the absorption (0→0 transition) 
and a general broadening of the individual absorption bands can be expected in this case 
(Spano 2010).    
Strikingly, the observed thin-film absorption spectrum of PTCDI-C13 was quite 
different from these expectations (figure 3.3). The most peculiar feature is a strong 
bathochromic shift of the onset of the absorption to lower energies. Moreover, four 
clearly resolved bands could be observed, the smallest of which (band i) seemingly had a 
bandwidth similar to the solution bands.  
 The analogue behavior of the absorption-spectrum of the related compounds PTCDA 
and Me-PTCDI has been extensively discussed in literature23 (Hennessy 2001; Hoffmann 
2000) and several explanations have been developed for the photophysics of these 
compounds. The most advanced models by HOFFMANN ET AL. (Hoffmann 2000) and by 
MAZUR ET AL. (Mazur 2003) establish a mixing of the FRENKEL-exciton with an 
additional CT-state. They argue that the strong overlap of the π−systems in stack 
direction leads to a decreased energy of the lowest CT-states, such that the CT-states and 
FRENKEL-excitons become degenerate. These mixed FRENKEL/CT-excitons do not adhere 
to the selection rules for H-aggregates, since the usual argument of the “in-phase” and 
“out-of-phase” oscillation of the valence-electrons of neighboring molecules (chapter 2.2) 
does not hold in this case. The altered selection rules would be valid for pure CT-states as 
well, however these states posses only a low absorption cross-section. They would 
therefore hardly be visible in the absorption-spectrum (Pope 1982). On the other hand 
mixed FRENKEL/CT-excitons inherit the large oscillator strength of the contribution and 
are therefore easily observed by absorption spectroscopy (Hoffmann 2000). 
In the case of PTCDI-C13, its sandwiched herringbone packing motif gives rise to a 
strong overlap of neighboring π−system and thus to the formation of mixed FRENKEL/CT-
                                                 
23 See also chapter 2.2 for further references. 
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excitons. The bathochromic shift then simply corresponds to the crystal-shift observed for 
most molecular crystals (Pope 1982). The mixed character of the excited state was 
excellently observed in the electro-absorption spectra (figure 3.4). The high energy bands 
iii and iv show a strong change in the molecular dipole moment between ground and 
excited state, indicating a strongly polarizing CT contribution to these states. The low 
energy bands i and ii, on the other hand, rather correspond to the neutral exciton, but still 
have some CT-contribution. 
3.2.5 T4dim: Thin-Film Absorption Spectra and Comparison to Solution 
In contrast to the well resolved vibrational features in the spectra of PTCDI-C13, the 
main feature of the absorption spectra of the T4Dim solution resembled a broad and 
unstructured band (dotted blue line in figure 3.5). The emission spectrum on the other 
hand showed a well resolved vibronic progression with two clearly distinguishable peaks 
and shoulder on the low energy side of the spectrum (dotted red line in figure 3.5).  This 
combination of a broad unresolved absorption spectrum with a well-resolved emission 
spectrum is a typical feature observed for oligothiophene compounds (Becker 1995). It is 
characteristic for a molecule with a non-planar ground-state conformation, but a low 
rotational barrier against planarity (DiCésare 1999). That is, in the ground-state the 
conjugation is exclusively localized on the thiophene units, which can rotated relative to 
each other about the connected C-C bond. In the excited-state, on the other hand, the 
conjugation spreads over the entire oligothiophene-chain and the molecule is forced to 
 
Figure 3.5: While the absorption maximum of polycrystalline T4Dim (iii) is located at the same energy the maximum 
of the solution spectrum. The origin of the thin-film absorption is however located at lower energies (i). Thus 
absorption and PL spectra experience a large bathochromic shift. Thin-film absorption bands are marked with minor 
and thin-film emission bands with major roman numerals 
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adopt a planar configuration. The excited then relaxes to a meta-stable planar ground-
state, causing an emission spectrum with a well-resolved vibronic progression. For T4dim 
this behavior was confirmed by TROISI (Troisi 2013).  
Similar to the spectra of dissolved T4dim, a broad-band centered at 2.87 eV dominated 
the T4Dim thin-film absorption spectrum (solid blue line in figure 3.5). Differently for 
the solution spectrum, two shoulders appeared at the low-energy side of the main-band at 
2.62 eV and 2.4 eV. In figure 3.5 the main band is denoted iii, and the lower band ii and i, 
respectively. Additionally, a long absorption tail spread into the low-energy-region below 
2.2 eV. In his PhD thesis, TROISI showed that specifically band i is extremely sensitive to 
the growth conditions the film was produced with. Band iii on other hand is relatively 
insensitive to changes in the growth parameters (Troisi 2013).  
3.2.6 Discussion of T4Dim-Absorption 
The crystallographic data available on T4Dim is not conclusive enough to make a 
statement about the photophysics of this material. In particular, it is unclear if the 
molecules arrange in an H-aggregate fashion. The form of the absorption-spectrum of 
T4Dim resembles on the first sight the absorption of unsubstituted quarterhiophene 
(chapter 2). The latter molecule is known to organize as an H-aggregate. However, the 
onset of the T4Dim thin-film absorption spectrum shows a bathochromic shift compared 
to its solution spectrum (figure 3.5), while a hypsochromic shift would have been 
expected in the case of an H-aggregate. However, this is a false contradiction. The 
observed red-shift is a result of the different molecular confirmation in solution and in the 
solid state. In solution T4dim has a non-planar geometry of the ground-state. However it 
adopts a nearly planar geometry in the solid-state. The result is a bathochromic-shift that 
overwhelms the smaller blue-shift shift caused by the aggregation. A similar effect has 
been observed for different types of molecules (Spano 2009).  
Compared to the solution spectrum, two new absorption bands emerge in the thin-film 
spectrum of T4dim. The emergence of similar bands in the spectrum of quaterthiophene 
was explained by a pronounce DAVYDOV-splitting connected to the four inequivalent 
molecules in its primitive unit cell (Muccini 2000). The known structure of crystalline 
T4dim, on the other hand, has only one molecule per unit cell. The emergence of these 
two additional bands could therefore be a sign of an arrangement of the molecules in the 
thin-film phase, with more than one inequivalent molecule per unit cell. A simpler 
possible explanation for these bands is that they represent the vibronic sidebands 
origination form the absorption to higher vibrations of the excited state. In their recent 
works SPANO AND ZHAO (Zhao 2005; Spano 2010) showed that in an H-aggregate a shift 
of the maximum absorption from the 0→0 transition to transitions to higher vibrations of 
the excited state (0→n transition) occurs. In this case band i in figure 3.5 corresponds to 
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the origin of the absorption, while bands ii and iii are the 0→1 and 0→2 transitions, 
respectively. 
In any way, for both explanations an H-aggregate arrangement of the molecules has to 
be assumed. The slip angle between the molecules in the thin-film phase should thus be 
very low. If the molecules on the other hand would organize with slip angle comparable 
to the one in the crystal phase, J-Aggregate behavior should be expected. In this case the 
oscillator strength should clearly be concentrated at the lowest band (Spano 2010). In 
conclusion the form of an H-aggregate is the most likely arrangement for T4Dim 
molecules in the thin-film phase. 
3.3 Photoluminescence-Spectroscopy on Thin-Films: Signature of non-
ideal H-aggregates 
3.3.1 Experimental 
The same samples used to obtain the absorption spectra in section 3.2, were utilized to 
measure the static PL spectra of the thin-films at different temperatures. Given the 
spectral features of the absorption spectra, the 440 nm emission of a doubled HeCd-laser 
was used to excite the PTCDI-C13 and T4dim thin-films. The spectra were collected by an 
optical multi-channel analyzer with an integration time of 150 ms. The samples were kept 
under vacuum in a hydrogen cold-finger cryostat during the measurements. The vacuum 
was essential to prevent sample-degradation by reaction with the ambient air in the high 
 
Figure 3.6: Temperature dependent emission spectra of PTCDI-C13, normalized to the emission at 77 K (a), and to the 
maximum intensity of each spectrum (b). In the latter the relative increase of the high-energy shoulder with temperature 
is clearly visible.  
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intense laser-field. Moreover, the cryostat was used to cool the sample stepwise down to 
77 K.  
The transient PL data was recorded with a Hamamatsu streak-camera connected to an 
imaging spectrograph. The temporal resolution of the camera was 8 ps and spectral 
resolution of the spectrograph was 0.5 nm. For wavelengths above 750nm the sensitivity 
of the streak-camera decreases drastically. By post-measurement calibration of the data, 
using the steady-state spectra recorded by an optical multichannel analyzer as a reference, 
the measurement range could be somewhat extended into the infrared. This procedure 
only worked if the PL intensity was high enough to produce a signal. All data at the low 
energy side of the PTCDI-C13 spectra should therefore be handled with care.  
Also during the transient PL measurements the samples were kept under vacuum in a 
cold-finger cryostat. However, due to the instability of the temperature control of this 
nitrogen cryostat, low temperature transient PL measurements could only be performed at 
293K (room temperature) and 77 K (liquid nitrogen temperature).  
3.3.2 Temperature Dependent Spectroscopy 
The photoluminescence spectra of PTCDI-C13 and T4dim at room temperature (293 K) 
showed only a weakly resolved structure (Figures 3.4 and 3.5, solid red lines). The 
dominating feature in both cases was the central emission band II located at ca. 1.8 eV for 
PTCDI-C13, and at ca. 2.1 eV for T4Dim, respectively. This main band had a vaguely 
indicated shoulder at both its high and its low energy side. For neither of the materials an 
 
Figure 3.7: Temperature dependent emission spectra of T4Dim normalized to the emission at 77 K (a), and to the 
maximum intensity of each spectrum (b). Also here, the relative increase of the high energy shoulder is easily 
observed. 
Excitons in Active Organic Devices  
- 48 - 
 
obvious connection exists between the absorption and the emission spectrum. On the 
contrary, the close similarity between the emission spectra of both molecules, despite 
their dissimilar absorption spectra and molecular structures, is remarkable. The only 
significant qualitative differences are: a) their different energetic positions and b) a low-
energy tail that could be observed for PTCDI-C13, but not for T4Dim.  
On lowering the sample temperature several observations were made (figure 3.6 and 
3.7). As expected the total PL intensity of both thin-film spectra increased with 
decreasing temperature, due to the lower non-radiative deactivation of excitons by 
thermal phonons. While this effect occurs for both molecules, it is much more 
pronounced in the case of PTCDI-C13, whose total integrated PL-intensity increased by a 
factor 2.3, than for T4dim, whose integrated PL intensity increased only a factor of 1.14. 
In contrast to the behavior of the integrated PL, the relative intensity of the high-energy 
shoulder (band I) relative to the total full spectrum decreased for both molecules with 
increasing temperature (figure 3.6 b) and 3.7 b). In the case of PTCDI-C13 this 
corresponded also to a decrease in absolute PL intensity of band I, which eventually 
vanished beneath at temperatures lower than 120 K. In the case of T4dim band I 
increased in absolute intensity for decreasing temperatures, albeit slower than the full 
spectrum.  
For a more quantitative analysis of the spectral changes with temperature, a functional 
description of the spectrum considering the individual bands is necessary. A sum of 
normalized Gaussians, with positions En, broadenings σn and amplitudes An, is used as 
model-function for the shape of the PL spectrum (Lanzani 2012):  
 𝐼(𝐸) =∑
𝐴𝑛
𝜎𝑛√𝜋/2
𝑒
−2(
𝐸−𝐸𝑛
𝜎𝑛
)
2
𝑛
 (3.2) 
The model function was fitted to the normalized PL spectr4. In this way the pre-factors 
An define the amplitudes of the different bands relative to the maximum of the measured 
PL.  
The PL-spectrum of PTCDI-C13 (shown 293 K and 77 K; figure 3.8) could be 
satisfactory described with four GAUSSIANs at all temperatures. The resulting parameters 
for the lowest (77 K) and the highest (293 K) temperatures are listed in table 3.2. Figure 
3.8 shows the corresponding model function together with the collected spectra. The 
residual analysis (lower panels) indicates only minimal deviations mostly within one 
standard deviation and distributed normally around zero. The four band hypothesis was 
moreover tested against a model with three and five bands, respectively, using the 
hypothesis testing algorithm by SIVIA (Sivia 2010). Both descriptions were significantly 
less accurate. 
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The energetically highest three bands (bands I-III in figure 3.8) of the four band model 
describe the central peak and its high- and low-energy shoulders that were discussed 
before. Their center positions remain constant for changing temperatures, within two 
standard deviations. The uncertainty for the position at 293 K of band III is however an 
order of magnitude higher than for the other two. The upper bands I and II have a similar 
broadness, which increases only slightly with temperature, from ca. 115 meV for 77 K to 
ca. 130 meV for 293 K. Band III is somewhat broader with 150 meV at 77K and 160 
meV at 293 K, respectively. Between 77K and 293 K the ratio of bands I and II increases 
by a factor 10 form Rem = 0.05 to Rem = 0.3. Besides these three clearly visible bands, a 
fourth band (denoted IV in figure 3.8) at the low energy side of the spectrum is necessary 
for an acceptable description of the emission spectra. It is significantly broader than the 
upper three bands and experiences a hypsochromic-shift of more than 100 meV between 
77 K and 293 K.   
npeak I II III IV 
PTCDI-C13 (77 K) 
En (eV) 1.92 ± 5∙10-3 1.79 ± 1∙10-3 1.64 ± 1∙10-3 1.48 ± 5∙10-3 
σn (eV) 113 ± 1.6 115 ± 0.4 151 ± 1.9 194 ± 5.1 
An 0.007 ± 3∙10-4 0.137 ± 1∙10-4 0.548 ± 1∙10-3 0.012 ± 8∙10-4 
PTCDI-C13 (293 K) 
En (eV) 1.94 ± 1∙10-3 1.80 ± 1∙10-3 1.66 ± 5∙10-3  1.59 ±  0.04 
σn (eV) 129 ± 1.1 134 ± 1.2 164 ± 9.1 271 ± 26.0 
An 0.041 ± 1∙10-4 0.139 ± 5∙10-4 0.06 ± 5∙10-3 0.044 ± 7 ∙10-4 
T4Dim (77 K) 
En (eV) 2,21± 0,01 2,05 ± 0,01 1,88 ± 0,01 1,78 ± 0,03 
σn (meV) 102 ± 0,1 142± 0,1 108 ±0,1 34 ± 2,1 
An  0,036 ± 7∙10-4 0,159 ±  1,4∙10-3 0,034 ± 7∙10-4 0,001 ±1∙10-4 
T4DIM (293 K) 
En (eV) 2,21 ± 0.01 2,05  ± 0.02 1,89  ± 0.01 1,77 ± 0.01 
σn (meV) 136± 2,1 158± 4,3 132 ± 6,1 142 ± 8,4 
An  0,054 ± 1,6∙10-3 0,181 ± 3,9∙10-3 0,058 ± 4,4∙10-3 0,017 ± 2,4∙10-3 
Table 3.2: Fitting parameters for the time-integrated PL spectrum of PTCDI-C13 and T4dim at variable 
temperatures. The amplitude An is measured relative to the maximum of the measured PL intensity. The broadness 
σn is related to the full-width half-max by 𝑭𝑾𝑯𝑴 = √𝒍𝒏𝟒 ∙ 𝝈. The relatively high errors for PTCDI-C13 at 77 K 
are due to un-certainties at the energy scale during this measurement. 
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Similar to PTCDI-C13, also the PL spectrum of T4dim was best described by four 
GAUSSIAN bands at all temperatures (shown 293 K and 77 K; figure 3.9). Table 3.2 lists 
the corresponding parameters. Again, the four-band model was tested against a model 
with three and five bands, which did not improve the fitting of the spectrum relative to the 
degrees of freedom used. The residual analysis shows a somewhat stronger deviation than 
in case of PTCDI-C13. The residuals remain within two standard deviations (95% 
confidence interval), though. The oscillatory behavior of the residuals could indicate that 
an additional peak is necessary to fully describe the data. The direct comparison of the 
four- to the five-band-model however clearly supported the former. The behavior of the 
residuals is therefore attributed to the presence of an unwanted background signal, whose 
origin could unfortunately not be identified.  
The position of all four bands of T4dim remained fixed between 77 K and 293 K. The 
separations between bands I and II and bands II and III at 293 K are both 160 meV. 
They remain identical within one standard deviation for 77 K. The broadness of bands I-
III increased between 10% and 30% for increasing temperatures, due to thermal 
broadening. The ratio Rem of the integrated intensity of the high-energy shoulder (band I) 
to the central peak (band II) increases with increasing temperature. The change is 
however significantly smaller than for PTCDI-C13, namely about 13% from Rem = 0.23 at 
77 K to Rem = 0.3 at 293 K. The behavior of the emission band IV at the low energy side 
is somewhat unclear. At 77 K the band at 1.77 eV is nearly invisible. The large errors of 
around 10% on broadness and area reflect this circumstance. Strikingly, the broadness of 
this band increases around 300% for 293 K compared to its value for 77 K. This behavior 
cannot be explained with normal thermal broadening.  
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Figure 3.8: The emission spectrum of PTCDI-C13 was described by four Gaussian bands for all temperatures between 
77 K (b) and 293 K (a). χ2-test and residual analysis (lower panels in a) & b) show an excellent agreement of the four 
band model with the measurement. The origin (0←0) at 1.92 eV of the exciton recombination clearly increases with 
temperature indicating the phonon assisted nature of this band.  
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Figure 3.9: Similar to PTCDI-C13 the also emission spectrum of T4dim is described by four Gaussian bands for all 
temperatures bands for all temperatures between 77 K (b) and 293 K (a). Also in this case the χ2-test and the residual 
analysis (lower panels) show a good agreement of the four band model with the measurement, albeit not as excellent as 
for PTCDI-C13.  
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3.3.3 Transient Photoluminescence 
In principle, the natural excited-state lifetime can be calculated from the absorption and 
emission steady-state spectra (e.g. Demtröder, 2008). However, interactions of molecules 
with their surroundings often lead to more complex decay mechanisms that are not 
reflected in the steady-state spectra. These might include altered symmetry selection 
rules, non-radiative energy transfers or the presence of weakly luminescent states that are 
buried under the dominating emission from other states. 
Figures 3.10 and 3.11 present the transient PL of PTCDI-C13 and T4dim at 77K and 
room temperature, at different energies across the emission spectrum. The energies were 
chosen in a way to determine possible differences between the decay of different bands. 
The spectral width of individual traces was approximately 10 nm. The transient PL of 
both materials showed a non mono-exponential behavior at high energies, which 
converged towards a more mono-exponential behavior for low energies. With the sole 
exception of PTCDI-C13 at 77K, all decay traces had a short rise-time, similar to the 
instrument response time. For PTCDI-C13 at 77K a slow rise component in the range of 
100 ps -200 ps was observed for energies below approximately 1.8 eV. This rise-
component is an indication for an ultrafast relaxation process within the first picoseconds 
after the absorption of a photon. 
The transient PL was analyzed quantitatively on the basis of differential rate equations. 
The exciton population 𝑁(𝑡) for an infinite, unperturbed single crystal obeys the first-
 
Figure 3.10: The intensity time-traces of T4dim for 293 K (a) and 77 K (b) are parallel at long delay-times. At short 
delay times a second fast decay can be resolved at high energies.   
Excitons in Active Organic Devices  
- 54 - 
 
order kinetic equation24 (Lanzani 2012): 
 
𝑑𝑁(𝑡)
𝑑𝑡
= 𝑘𝑟𝑁(𝑡) + 𝑘𝑛𝑟𝑁(𝑡) (3.3) 
This differential equation is solved using the ansatz: 
 𝑁(𝑡) = 𝑁0𝑒
−(𝑘𝑟+𝑘𝑛𝑟)𝑡 (3.4) 
Here 𝑁0 the initially excited state population. Two decay channels are active in this 
idealized case:  𝑘𝑟 is the rate-constant for the radiative recombination channel, while 𝑘𝑛𝑟 
is the rate-constant for recombination by non-radiative decay-channels, e.g. exciton-
phonon scattering or intersystem-crossing to dark triplet-states. In this case, only one type 
of excited state population exists and the entire excited state population decays with the 
same rate, which is identical for the purely electronic transition (0←0) and its vibronic 
sidebands. 
In polycrystalline thin-films, additional decay channels, connected to the presence of 
structural and chemical defects, are active. These defects include chemical impurities, 
grain-boundaries and surfaces. In principle on has to consider all possible defect site 
energies present in the sample to correctly model the observed decay traces. Indeed, 
complex models comprising time and/or distance dependent rates are frequently used 
                                                 
24 This rate equation is used for the description of decay processes of many physical systems. Other 
examples include the decay of non-interacting excited molecules in solution or the half-life period of 
radioactive materials. It can be used as well to describe the decay of quasi-particles in the solid-state, like 
excitons (Klingshirn 2007).  
 
Figure 3.11: Time traces for PTCDI-C13. At 77 K a growth component for low energies is clearly visible (a), while at 
293 K is could not be resolved. 
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(Huber 1985). However, often a bi-exponential decay model is sufficient to correctly 
interpret the photoluminescence dynamics. This approach will be followed here as well. 
All decay traces of the PTCDI-C13 and T4Dim thin-films, expect for the low-energy 
traces of PTCDI-C13 at 77 K, were accurately described by at most two excited state 
populations with different apparent rate-constants. The decay traces of the PL intensity in 
these cases were fitted with the bi-exponential curve: 
 𝐼(𝑡) = 𝐼𝑎 ∙ 𝑒
−(𝑘𝑎∙𝑡) + 𝐼𝑏 ∙ 𝑒
−(𝑘𝑏∙𝑡) (3.5) 
Figures 3.12 and 3.13 depict the resulting fitting function for T4dim and PTCDI-C13, 
while tables 3.3 and 3.4 list the corresponding coefficient values. The fitting of three 
decay traces for each temperature range, which represent best the behavior at all energies, 
is presented here. Initially only the bi-exponential decays will be discussed. The more 
complex situation of PTCDI-C13 at 77 K will be analyzed later on.  
The bi-exponential fitting of the decay traces of both materials consisted of a fast and a 
slow decay component. In the case of T4dim, the decay traces obtained at different 
energies at the same temperature could be fitted simultaneously using a global fitting 
approach. In the procedure, the rate constants25 𝑘𝑎,𝑏 were simultaneously fitted, while the 
initial populations 𝐼𝑎,𝑏  were varied individually for different energies. The obtained 𝐼𝑎,𝑏 
showed a decrease of the relative fraction of the short decay component towards lower 
                                                 
25 Tables 3.3 and 3.4 list the PL lifetimes τa,b instead of the rate-constants. The lifetimes are simply the 
inverse of the decay constants. They are listed here because of their more intuitive nature.   
Table 3.34: Fitting constants and errors for T4Dim excited state kinetics. All four decay traces were 
fitted simultaneously using a global fitting approach. 
77 K 2.3 eV 2.05 eV 1.8 eV 
I0,a 0.43 ± 0.012 0.23 ± 0.014 -- 
τa 163 ± 9.5 163 ± 9.5 -- 
I0,b 0.56 ± 0.006 0.76 ± 0.007 0.86 ± 0.02 
τb 2092 ± 34 2092 ± 34 2092  ± 34 
adj. χ2 0.96 0.96 0.96 
293 K 2.3 eV 2.05 eV 1.8 eV 
I0,a 0.37 ± 0.011 0.28 ± 0.011 -- 
τa 115 ± 4 115 ± 4 -- 
I0,b 0.69 ± 0.01 0.69 ± 0.01 0.83 ± 0.005 
τb 633 ± 11.4 633 ± 11.4 633 ± 11.4 
adj. χ2 0.9907 0.9907 0.9907 
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energies at both temperatures (table 3.3). Below 1.8 eV the fast component eventually 
vanished completely. These data clearly confirms the convergence towards a mono-
exponential decay at low energies. 
 A similar behavior to that of T4dim could be observed for the decay–traces of the PL 
intensity of PTCDI-C13 at room temperature. A fitting procedure involving a global fitting 
approach did not perform well in this case. However, the rate constants 𝑘𝑎,𝑏 obtained 
from the individual fitting of the decay traces at different energies were very similar to 
each other.  Moreover, the same decrease of the relative fraction of the short decay 
component towards lower energies was observed also in the data for PTCDI-C13. In 
particular, the short decay component vanished below 1.7 eV (table 3.4).  
The exciton dynamics of PTCDI-C13 at 77 K could not be well-described within this 
simple bi-exponential scenario. Indeed, at 2.05 eV the decay traces of the PL intensity 
corresponded to a bi-exponential decay. However, at the low energy side of the spectrum 
an initial rise component was superimposed on the bi-exponential decay-function. Such 
an initial rise component is a general sign of an ultrafast relaxation process, within the 
temporal resolution of the streak-camera. The PL decay dynamics in this case can 
mathematically be described as the convolution of population and depopulation functions 
of the relaxed excited state. In the simplest case, it can be expressed as an exponential 
decay-function with an increasing initial intensity 𝐼0:  
Table 3.44: Fitting constants and errors for PTCDI-C13 excited state kinetics.  
77 K 2.05 eV 1.79 eV 1.70 eV 
I0,a 0.32 ± 0.017 -- -- 
τa 41 ± 3.5 -- -- 
I0,b 0.58 ± 0.012 0.13 ± 0.031 0.11 ± 0.052  
τb 279 ± 8.7 282 ± 3.9 281 ± 1.3 
I0,g -- 0.43 ± 0.025 0.26 ± 0.011 
τg -- - 107 ± 7.3 - 63.3 ± 6.2 
I0,c -- 0.44 ± 0.294 0.73 ± 0.011 
τc -- 2587 ± 37 2615 ± 97 
adj. χ2 0.98372 0.96404 0.7738 
293 K 2.05 eV 1.79 eV 1.70 eV 
I0,a 0.35 ± 0.025 0.14 ± 0.058 -- 
τa 65 ± 5.9 49 ± 1.7 -- 
I0,b 0.60 ± 0.02 0.76 ± 0.031 0.92 ± 0.023 
τb 347 ± 21.1 351 ± 11.4 413 ± 17.2 
adj. χ2 0.98577 0.99316 0.95973 
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 𝐼(𝑡) = 𝐼0 ∙ (1 − 𝑒
−(𝑘𝑏∙𝑡)) ∙ 𝑒−(𝑘𝑎∙𝑡) (3.6) 
This model-function fitted well to the PL decay-trace at 1.7 eV but not to the time trace at 
1.79 eV.  To accurately describe the latter, an additional single-exponential decay had to 
be added to the model described above. This indicates that at this energy two different 
types of excitations contribute to the emission. The decay-trace in this case complies with 
a parallel reaction scheme. The model-function is then just a simple sum of both 
contributions: 
 𝐼(𝑡) = (𝐼0,𝑐 + 𝐼0,𝑔 (1 − 𝑒
−(𝑘𝑔∙𝑡))) ∙ 𝑒−(𝑘𝑐∙𝑡) + 𝐼0,𝑏 ∙ 𝑒
−𝑘𝑏∙𝑡 (3.7) 
Using this set of model functions, including a bi-exponential description of the high 
energy decay-trace, three different decay times and one rise time were extracted from the 
PTCDI-C13 time traces (table 3.4). A medium long decay component, with a lifetime 
around 280 ps, occurred in all decay traces. Its relative contribution to the decay traces 
decreased for lower energies. Moreover, at low energies (1.7eV and 1.79eV) an additional 
long decay component around 2.6 ns was observed, while at 2.05 eV an additional fast 
decay component of 41 ps existed.  
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Figure 3.12: The time traces of T4Dim both at 293 K (a) and 77 K (b) were described with a bi-exponential decay 
function at high energies and a single exponential decay function at low energies. The main difference between the 
temperatures is the longer decay times at low temperatures due to the vanishing influence of phonon mediated non-
radiative decay.  
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Figure 3.13: The intensity time-traces of PTCDI-C13 were fitted at room temperature with a bi-exponential decay 
function (a). At 77K an additional growth component had to be introduced for low energy time traces (b).  
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3.3.4 Assignment of Emission Bands 
The most remarkable feature of the PL-spectrum of both PTCDI-C13 and T4dim is the 
behavior of the shoulder on the high-energy side of the spectrum (band I in Figure 3.10). 
It does not fit to the POISSON-progression one would expect the vibronic manifold to 
follow and its temperature dependent behavior is different from the rest of the spectrum. 
In the following first the emission of PTCDI-C13 will be discussed. 
PTCDI-C13:  
KOBITSKI et al. observed a similar shoulder to the one observed for PTCDI-C13 in the 
low temperature PL of PTCDA (Kobitski 2002) and attributed it to the presence of a 
high-energy CT state. This identification is understandable, considering the presence of 
CT contributions to the absorption spectrum. In the case of PTCDI-C13 however, the 
electro-absorption measurements showed that the lowest vibration of the excited state 
(band i in figure 3.6), from which the recombination is expected to occur, has 
predominantly FRENKEL-exciton character. Moreover, the same models predicting the 
contribution of mixed FRENKEL/CT states to the absorption spectrum, also predict a 
vanishing contribution of these states to the PL of the material (Hoffmann 2000; Mazur 
2003). Independently of this discussion, generic CT-states are expected to have lower 
energies than FRENKEL-excitons (Pope 1982). Therefore, the presence of high-energy CT 
contribution to the PL spectrum of PTCDI-C13 seems unlikely.  
 
Figure 3.14: The exponential increase of Rem  (blue circles) and of the PL intensity of band I (black triangles) with 
temperature motivate the assignment of band I as vibronic origin of the PTCDI-C13 PL spectrum. The temperature 
activated behavior of this peak can be approximated by an ARRHENIUS like behavior (red dashes). For comparison: the 
total integrated PL-intensity (black squares) decreases (the PL peak-areas are normalized to the temperature with the 
highest area)   
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The nature of the high-energy shoulder can be clarified considering the temperature 
dependence of the ratio Rem of the intensity of the first two PL bands. Due to their large 
geometrical extend over two or more molecules, CT-states have a higher interaction 
exciton-phonon cross-section than the highly localized FRENKEL-excitons. As a 
consequence Rem is expected to decrease faster than the total integrated PL intensity in the 
case of CT-states. Another possibility to explain the high-energy shoulder is its 
identification with the thermally activated 0←0 recombination. Indeed, in H-aggregates 
the recombination form lowest vibration of the excited state 𝑆1,𝜐=0 to the lowest vibration 
of the ground-state 𝑆0,𝜐=0 (0←0 transition) is forbidden. However, this is strictly valid 
only for an idealized crystal with an infinite exciton coherence-length (Pope 1982). In 
polycrystalline thin-films on the other hand the coherence length is reduced by thermal 
and structural disorder. Moreover, also a non-perfect parallel arrangement, due to a slip-
angle between neighboring molecules reduce the coherence length (Varghese 2011). This 
effect could in particular play a role in T4dim (see also section 3.1). 
Increasing the temperature thus increases the probability for a 0←0 recombination 
(Spano 2010). As the vibronic sidebands are not forbidden by H-aggregation, they decline 
with temperature due to increased thermal non-radiative recombination. Hence Rem, which  
in this case corresponding to the ratio of the 0←0 to the 1←0 transitions,  should increase 
with temperature (Spano 2010).  
For PTCDA a pronounced excimer-band masks the vibronic progression of the 
FRENKEL-exciton at elevated temperatures, therefore KOBITSKI could not analyze the 
evolution of this high energy shoulder with temperature26. On the contrary, band I in the 
PL spectra of PTCDI-C13 (figure 3.8) could clearly be observed for temperatures form 
77K up to room temperature. Figure 3.14 depicts Rem for different temperatures (blues 
circles). It shows an approximately exponential increase for temperatures above 100K, 
which indicates a temperature activated behavior. Similarly, the PL intensity of band I 
increases exponentially with temperature (black squares), while the integrated total PL 
decreases (black triangles). This behavior of Rem conflicts with the expected temperature 
behavior in case of CT-states, but agrees well with the expected behavior for phonon 
assisted 0←0 recombination.  
The activation energy 𝐸𝑎for phonon assisted recombination can be calculated assuming 
an ARRHENIUS-like behavior of the recombination-rate 𝑘0⟵0 and therefore also of the PL 
intensity 𝑃𝐿0⟵0. The PL intensity of band I is proportional to the Boltzmann-factor:    
 𝑃𝐿0⟵0  ∝ 𝑘0⟵0  ∝ exp (−
𝐸𝑎
𝑘𝐵𝑇
) (3.8) 
                                                 
26 In an later article (Kobitski 2003) he briefly discussed the possibility of a thermally induced 0←0 
relaxation, but did not investigate this possibility in detail. 
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Fitting the exponential to the PL intensity of band I gives activation energy for the 0←0 
emission of ca. 86,137 meV. All full activation of the 0←0 recombination similar to a 
non aggregated molecule would thus occur at very high temperatures around 1000K. 
At temperatures below 100 K, Rem converges to a value slightly above zero. Similarly, 
also 𝑃𝐿0⟵0converges to a finite value. The non-vanishing PL intensity of band I 
indicates the finite exciton coherence-length in PTCDI-C13 also at low temperatures. This 
maximum coherence-length is mainly limited by the excessive disorder present in 
polycrystalline thin-films. In conclusion, Rem is a good indicator for the exciton-coherence 
in materials that form H-aggregates.  
The remaining bands II, III and IV in the PTCDI-C13 PL-spectrum were assigned as 
follows. Bands II and III correspond most likely to the 1←0 and 2←0 recombinations to 
higher vibrations of the ground state. This assignment is in particular reinforced by the 
comparable width of bands I-III and the similar inter-band distance between bands I and 
II and between bands II and III. Also the reduction of the bandwidth for decreasing 
temperatures corresponds to the expectation for vibrational sidebands. Moreover, this 
assignment is in line with the observed PL dynamics. The decay-traces at all energies 
show a common long rate constant around 350 – 400 ps. This is a classical indication for 
a recombination form the same excited state, to different sidebands of the ground state. 
The additional short decay-component in the high-energy decay-traces then represents the 
influence of defects states. Its relative weight decreases for decreasing energies, because 
at lower energies, less defect states can potentially be populated. The same interpretation 
is not directly obvious for the PL dynamics at 77 K. However, as will be discussed 
separately in section 3.4, also the low temperature dynamics confirm this assignment of 
bands I, II and III. 
The nature of the low-energy band IV is more ambiguous. One the one hand, it could be 
another vibronic sideband originating from the 3←0 recombination. On the other hand, its 
position and width both seemed to be strongly temperature dependent. However, this 
statement should be considered with care as the fitting procedure used gives less accurate 
results for partly buried features. A possible assignment of band IV that is in line with the 
observed temperature dependence is its identification as an excimer. Perylene derivatives 
are known to support the formation of solid-state excimers (Gómez 1997; Leonhardt 
1999; Matsui 1982). At the low-energy side of the Me-PTCDI spectrum, NOLLAU ET AL. 
identified a dominating excimer contribution (Nollau 2000). Also in the case of PTCDA, 
KOBITISKI identified an excimer-band at the low energy side of the spectrum, which 
completely dominates the PTCDA PL-spectrum at room temperature (Kobitski 2002).For 
PTCDI-C13 the presence of an excimer contribution could not yet be confirmed in a 
definite way. To do so, future experiments could for example measure the pressure 
dependent PL-spectrum. If the external pressure increases, the intermolecular distance 
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decreases and the excimer band is expected to show a bathochromic shift (Gangilenka 
2008). In any case, further experimental efforts are necessary to unambiguously identify 
the nature of the low energy contribution to the PL spectrum of PTCDI-C13. 
T4Dim: 
Similar to the thin-film phase of PTCDI-C13, also the molecules in T4dim thin-films are 
arranged as an H-aggregate. Moreover, also in polycrystalline T4dim thin-films the 
exciton coherence length should be very limited. The similar form of the PL spectra for 
both molecules might therefore not be a coincidence, but rather be due to their common 
nature as non-ideal H-aggregates. In this case the intensity ratio Rem of the first to the 
second emission band (bands I and II in figure 3.9) should show the same temperature 
activated increase as in the case of PTCDI-C13, while the total PL decreases with 
increasing temperature. Indeed, this behavior could be observed also in the case of T4dim 
(blue circles in figure 3.15). The contrary to PTCDI-C13 the Rem remained at higher values 
for the lowest temperatures that were used, while PTCDI-C13 converged to values close 
zero. This difference is a consequence of on the one hand the limited increase of band II 
(black triangles in figure 3.15, also figure 3.9) and on the other hand a slight increase in 
the intensity also of band I, with decreasing temperature (Figure 3.7) This behavior could 
have been caused by an enhanced coherence length of excitons in T4dim thin-films. A 
possible source could be a remaining slip angle (section 3.1) between next-neighboring 
molecules, causing the materials to behave as a non-ideal H-aggregate. 
In correspondence to PTCDI-C13 band II and III were identified as 1←0 and 2←0 
 
Figure 3.15 Also in the case of T4dim, Rem (blue circles) showed a temperature activated behavior, contrary to the 
decrease of the intensity of the integrated PL (black triangles). At 77 K,  Rem had still a non-negligible value due to 
the limited increase of the total PL intensity. 
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transitions to higher vibrations of the ground state, which is reinforced by their similar 
bandwidth and inter-band distance, as well as the reduction of the bandwidth with low 
temperatures. The assignment becomes even clearer when considering the PL dynamics. 
As in the case of PTCDI-C13, a long decay-component was equal for all energies, while a 
short component was present at high energies but vanished towards lower energies. For 
T4dim this behavior was also observed at 77 K. Again the long component is interpret as 
decay from the lowest vibration of the excited state, while the short component is caused 
by energy transfer to defect states.  
In the case of T4dim the inter-band distance between band III and IV is similar to the 
distance between the higher bands, which indicates that band IV could represent the 3←0 
transition. The same interpretation is reinforced by the similar decay components. 
However, the bandwidth is considerably different from the higher bands, which indicates 
a different temperature that is not compatible with the notion of a vibronic sideband. 
Therefore, further experiments are necessary also in this case.  
3.4 Low-Temperature PL Dynamics of PTCDI-C13: Observing Intraband 
Relaxation 
The last section established that the PL spectra of PTCDI-C13 and T4dim have the form 
of a non-ideal H-aggregate, with a temperature activated 0←0 transition located at band I. 
 
Figure 3.16: The time-resolved emission spectra of PTCDI-C13 show a movement of the spectral center of gravity 
form high to low energies at 77 K. Below 1.7 eV the low sensitivity of the streak-camera distorted the signal. Thus 
the spectrum in this region should rather be seen critically.  
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At the end of the section the question arose, why the 0←0 transition has a shorter delay-
time than the rest of the spectrum, in particular at lower temperature. Moreover an 
unexpected rise component in the low-temperature PL-dynamics of PTCDI-C13 was 
observed. In this section an explanation for this observation will be given, which is 
connected to the exciton-dispersion relation in H-aggregates. For the experiments the 
same streak-camera setup and cryostat discussed in the last section were used. 
3.4.1 Low-Temperature Time-Resolved Emission Spectroscopy  
The time resolved emission spectrum (TRES) for PTCDI-C13 was measured at 77 K. 
Figure 3.16 shows the temporal evolution of the normalized PL spectrum of PTCDI-C13 
at different delay times, compared to the time integrated spectrum. The time-window of 
each spectrum is around 10 ps. At zero delay the spectral center of gravity of the PL 
intensity was located at the high energy side of the spectrum, corresponding to the 
spectral region around 1.9 eV, where the forbidden 0←0 transition (band I) was identified 
in the static PL spectrum. The PL on the high-energy side decreases rapidly within the 
first 100 ps and the spectral center of gravity shifted towards its static location at lower 
energies.  Latest after 700 ps the spectrum resembles its steady-state intensity profile. As 
the total PL intensity was quite low, the sensitivity of the streak-camera in the near-IR 
was not high enough to resolve the PL below 1.7 eV (above 730 nm) very well. Though, 
the redistribution of the spectral weights in time within the spectrum profile is evident. 
This behavior of the TRES spectra corresponds well with the observed rise-component in 
the PL-dynamics at lower energies (1.7 eV and 1.79 eV). 
3.4.2 Intraband Relaxation Dynamics 
Both observations, the rise-component in the low energy decay and the shift of the 
spectral center of gravity to lower energy, indicate an energy-relaxation process from the 
high-energy band I to the states at lower energy. However, all involved bands were 
identified as transitions form the same excited state in section 3.3. So what kind of 
process takes place? 
The answer is related to the organization of PTCDI-C13 as H-aggregate. Excitons in H-
aggregates have a dispersion relation with an energetic minimum at 𝑘 = 𝜋/𝑎, 
corresponding to the edge of the first BRILLOUIN-zone, according to: 
 𝐸 = 𝐸0
∗ + 𝐷∗ + 2𝐽 cos(?⃗? ?⃗? ) (3.9) 
Here, 𝐸0
∗ is exited-state energy for the non-interacting oriented-gas, D is the static solvent 
shift of the excited state, J is the next neighbor resonance interaction and ?⃗?  is the distance 
between two neighboring molecules. As the absorption area (ca. 1 mm) is by far bigger 
than the size of an exciton (size of one molecule, a few nm), photons can only be 
absorbed at 𝑘 = 0, due to momentum conservation. Thus, the absorption of a photon 
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creates an excited state with an unfavorable parallel configuration of neighboring dipole 
moments (figure 3.17a). After its generation the exciton relaxes via an intraband 
relaxation process to the favorable total anti-parallel configuration of neighboring dipole 
moments. This configuration corresponds to an exciton-wave-vector at edge of the 
BRILLOUIN-zone. 
 The TRES spectra can be understood as follows. A part of the generated excitons relax 
immediately, before the intraband relaxation takes places. At this point in time the exciton 
has a wave-vector of 𝑘 = 0 and the 0←0 transition is still allowed. In this early emission, 
band I, which describes the 0←0 transition, is the dominant feature of the PL spectrum. 
Due to the intraband relaxation that follows this early recombination, the spectrum 
slightly moves to lower energies with time, as was indeed observed in the TRES spectra 
(figure 3.17 b). Finally, at 𝑘 = 𝜋/𝑎, the direct relaxation form the lowest vibration of the 
excited state to the lowest vibration of the ground state (0←0 transition) becomes 
forbidden. It can however still be thermally activated, as discussed earlier. The 
recombination now has to take place to higher vibrations of the ground state. 
 
Figure 3.17: The photophysical model for the excited state dynamics of PTCDI-C13 (JABLONSKI diagram) shows the 
intraband relaxation due to a global minimum of exciton dispersion at  𝑘 = 𝜋/𝑎  (a). The arrows indicate transitions 
corresponding to the PL bands introduced in figure 3.8. The PL spectra (b) demonstrate the reduction of the energy 
differences in (a). The dotted lines in (b) connect the maxima of band I and of band II, as obtained from the four band 
fitting model. The temporal projection (c) of the corresponding exciton-dispersion, according to equation 1.9, 
indicates the bandwidth of the exciton band. 
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Consequently the vibronic sidebands become more pronounced, which leads to the 
observed rise component. At this point the 1←0 transition dominates the PL spectrum.  
An estimation of the exciton bandwidth can be obtained from the TRES spectra in 
figure 3.17 b). The dotted lines connect the maxima of band I and of band II, as obtained 
with the four band fitting model, described in section 3.3.The red lines in figure 3.17 c) 
then correspond to the temporal development of the corresponding ground-state 
recombination energies, approximated by equation 1.9. All energies in figures 3.17 b) and 
c) are defined relative to the lowest vibration of the excited state 𝑆1. Thus, because the 
shift of the spectral bands with time corresponds to the relaxation of the exciton according 
to its dispersion relation, the lines in figure 3.17 c) describe the full dispersion-relation for 
PTCDI-C13 excitons. The difference ∆𝐸∗ between the initial and final energies hence 
corresponds to the exciton bandwidth of 4|𝐽|. Form these measurements a bandwidth of 
approximately 500 meV, and a next neighbor interaction energy of 125 meV, was 
extracted. These values are in the same order of magnitude as the values predicted by 
HOFFMANN for the exciton bandwidth and next-neighbor interaction in thin-film PTCDA 
(Hoffmann 2003). 
In conclusion the following model for the excited state dynamics of PTCDI-C13 is 
proposed (see also figure 3.17 a): 
1) The absorption of a photon generates an exciton. Due to momentum conservation, 
the absorption of a photon can only take place at k = 0.  
2) Immediately after the absorption, before the intraband-relaxation to the edge of the 
Brillouin zone is completed, 0←0 recombination to the vibrational ground-state of 
the molecule is possible. 
3) The exciton relaxes to 𝑘 = 𝜋/𝑎 and the PL-spectrum shifts to lower energies.  
4) The relaxation is completed after ca. 200ps. Now the emission is concentrated at 
the vibronic sidebands. 
5) Direct 0←0 recombination can occur only by the assistance of thermal phonons, as 
was discussed in section 3.3.  
The intraband relaxation occurs in all H-aggregates, and was for example observed as 
well for PTCDA (Engel 2005). In this thesis, it could however not be resolved at room-
temperature within the resolution of the streak-camera of 5ps, which implies that it occurs 
on a shorter time-scale. The increase velocity is a result of the generally faster dynamic 
processes at room temperature. 
3.5 Summary and Conclusions 
In conclusion this chapter investigated the photophysics of PTCDI-C13 and T4Dim thin-
films. In the following section, the results of these investigations will be summarized. 
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3.5.1 Summary PTCDI-C13 
Absorption: The absorption spectrum of PTCDI-C13 thin-films was explained in an 
analogue manner to the absorption of PTCDA and Me-PTCDI. The thin-film 
crystal structure of all of these materials corresponds to an H-aggregate. Hence, 
poor resolved absorption bands and a hypsochromic-shift of the thin-film 
spectrum compared to the solution spectrum would be expected (Spano 2010). 
Instead, the absorption spectrum of PTCDI-C13 showed a bathochromic-shift and 
four clearly resolved bands. The analogue behavior of Me-PTCDI was explained 
by HOFFMAN ET AL (Hoffmann 2000). The excited states of perylene-diimides 
show a high molecular dipole moment, as confirmed by the electro-absorption 
spectra in case of PTCDI-C13. As a result, they polarize the surrounding lattice and 
promote a partial charge transfer to the neighboring molecules. This new state is a 
mixture of FRENKEL-exciton and CT-state. It inherits the oscillator strength of a 
FRENKEL-exciton and the polar character of a CT-state. The mixed FRENKEL/CT 
state is strongly localized and does not adhere to the lattice selection rules for H-
aggregates. With this model, the band with the lowest energy was identified as the 
origin of the absorption (0→0 transition). The electro-absorption measurements 
showed that this band has mostly FRENKEL-exciton character.  
Static Photoluminescence: The PL-spectrum of PTCDI-C13 is dominated by the 
character of this material as an H-aggregate, mixed FRENKEL/CT states do not A 
role for the emission-spectrum. According to KASHA’S rule the recombination of 
excitons takes place from the lowest vibration of the excited-state. The origin of 
the absorption of PTCDI-C13, and therefore the lowest excited state, has FRENKEL-
exciton character, and hence the mixed FRENKEL/CT states that appear for higher 
vibrations of the excited state, can be neglected.  
Idealized H-aggregates assume an infinite coherence length for excitons. In this 
case only recombinations to higher vibrations of the electronic ground-state are 
allowed (n←0 transition), while the direct recombination to the lowest vibration 
of the ground-state (0←0 transition) is forbidden. The highest oscillator strength is 
hence found for the 1←0 transition, which corresponds to band II in the PL 
spectrum. In PTCDI crystals a full suppression of the 0←0 transition has indeed 
been observed. In the non-ideal case of the polycrystalline PTCDI-C13 thin-film, 
the coherence length of the excitons is strongly reduced. Therefore, also the 0←0 
transition can be observed as shoulder on the high energy side of the PL-spectrum 
(band I). This assignment was confirmed by evaluating the ratio Rem of band I to 
band II. As expected for a non-ideal H-aggregate (Spano 2010) it increased with 
temperature. 
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From the remaining emission bands, band III most likely corresponds to a 
vibronic sideband originating from the 2←0 recombination. Band IV, on the other 
hand, could not be assigned unambiguously. It might originate from 
recombinations to higher vibrations of the ground-state. Alternatively, it could 
also originate from the emission of a solid-state excimer. Further experiments, like 
pressure dependent PL measurements, are necessary to clarify the precise nature 
of band IV. 
Photoluminescence Dynamics: The PL dynamics of PTCDI-C13 were dominated by 
two features. At room temperature the PL decay for bands I, II and II was purely 
bi-exponential and was described with two similar decay-rates for all energies. 
The region of band IV could not be measured. The similar decay-rates indicate 
that all bands originate from recombinations from the same excited state. This in 
turn affirmed the assignment of bands I-III to recombinations from the lowest 
vibration of the excited state to different vibrations of the ground-state. The bi-
exponential character of the decay was explained by energy transfer to defect 
states as a competing process to radiative recombination. 
The second feature could only be measured at low temperatures. At 77K, a 
pronounced transient rise-component in the PL dynamics of bands II and III 
exists. The most likely mechanism to explain this rise is intraband relaxation of 
excitons form the center (𝑘 = 0) to the edge (𝑘 = 𝜋/𝑎) of the Brillouin-zone, which 
is expected for H-aggregates. After the absorption process, first the excitation 
relaxes to the lowest vibration of the excited-state forming an exciton. A part of 
the excitons recombine immediately causing early emission. At this point, the 
recombination to the lowest vibration of the ground state is still allowed. Due to 
the dispersion-relation of excitons in H-aggregates, the excitation then relaxes 
further to the edge of the Brillouin zone. Accordingly, the (lower parts of the) PL 
spectrum shifts to lower energies, as was observed in low-temperature time-
resolved emission spectra of PTCDI-C13. At 𝑘 = 𝜋/𝑎 only recombinations to 
higher vibrations are strictly allowed. Therefore an increasing part of the excitons 
recombine to higher vibrations, which was observed as the aforementioned rise-
component. In correspondence with the steady state spectra, the 0←0 
recombination can however still be thermally activated. The presence of thermal 
photons scatters part of the excitons back to 𝑘 = 0 from where they recombine. 
For higher temperature this process leads to the observed broadening and a slight 
blue shift of the PL-spectrum. At room temperature the intraband relaxation 
cannot be observed as the relaxation is much faster.  
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3.5.2 Summary T4Dim 
Absorption: The absorption spectrum of T4dim thin-films resembled that of an H-
aggregate, but with some peculiarities. The origin of the absorption showed a 
bathochromic-shift (not as expected for H-aggregates, a hypsochromic). 
Moreover, in comparison with the solution absorption-spectrum new bands appear 
in the thin-film spectrum. The bathochromic shift was explained by an enhanced 
molecular planarization of the molecule in the solid-state, which overwhelms the 
hypsochromic shift connected to the H-aggregation. The additional bands could 
either be connected to DAVYDOV-splitting, which would indicate that T4Dim has a 
thin-film phase with more than one molecule per primitive unit cell. Or, these 
bands represent the vibronic sidebands of the absorption (0→n transitions). In this 
case the absorption to higher vibrations has of the excited state has a higher 
oscillator strength. 
Static Photoluminescence: Like for PTCDI-C13, the PL spectrum of T4dim is 
strongly influenced by a non-ideal H-aggregation of the molecules. The 
dominating band II corresponds to the 1←0 recombination and band III 
corresponds to the 2←0 recombination, respectively. The technically forbidden 
0←0 recombination from the lowest vibration of the excited to the lowest 
vibration of the ground-state, was observed as high-energy shoulder, band I. The 
temperature dependent ratio of the first two bands, Rem, confirmed this assignment 
also for T4dim. Also in case of T4dim the nature of band IV remains unclear. 
Photoluminescence Dynamics: The PL-dynamics of T4dim showed a purely bi-
exponential behavior for room temperature and at 77K. In both cases the PL 
dynamics could be described with the same two recombination rates for all 
energies, even though at the low energy side the shorter decay rate vanished. 
Again the bi-exponential behavior was ascribed to energy transfer to defect states 
and the identical decay rates confirmed the nature of the bands as vibronic 
sidebands of the same transition. A temporally resolved intraband transition as in 
the case of PTCDI-C13 could not be observed for T4dim. The low oscillator-
strength and the thermally activated behavior of band I confirm however that an 
intraband relaxation took place. Accordingly, a slight temporal shift in the low-
temperature time resolved emission spectra might be attributed to the intraband 
relaxation. 
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4 Emission Quenching in Space-Charge Regions 
The radiative and non-radiative recombination rates of excitons play a fundamental role 
for the over-all efficiency of organic light-emitting devices, like OLEDs and OLETs. 
High non-radiative recombination rates reduce the device efficiency and therefore have to 
be avoided. The sources of non-radiative recombination can be divided into factors 
intrinsic to the luminescent properties of the material and those related to the device. The 
former is expressed by the photoluminescence (PL) quantum-efficiency (PLQY). Chapter 
3 of this thesis exhaustively discusses the material-related photo-physics of PTCDI-C13 
and T4dim thin-films. In the context of the device, the radiative recombination efficiency 
is reduced by the quenching of excitons. It includes effects that are related to the device-
geometry, as for example the dissociation of excitons at the interface between metal 
electrodes organic semiconductors. Moreover, it also includes the broad category of 
quenching effects related to the electrical behavior of operational devices. Understanding 
the latter is of fundamental importance for optimizing the device geometry in order to 
increase the light-emission efficiency.    
This chapter will deal with the modulation of photoluminescence from organic Metal-
Insulator-Semiconductor (MIS) structures, upon application of an external electrical bias. 
Studies on exciton-quenching in MIS structures based on organic semiconductors are 
rather scares. This is related to the fact that the most prominent organic devices based on 
MIS structures are without any doubt organic field-effect transistors (OFETs) which 
normally do not emit light. Only after the advent of the light-emitting OFETs (OLETs) 
(Zaumseil 2006; Rost 2004b; Namdas 2008; Capelli 2010) PL electro-modulation 
(PLEM)27 in MIS structures became a technologically relevant process. The first 
investigations on this topic were published at the time this thesis was written (Hansen 
2013; Gwinner 2012). However, neither of these publications contains an in-depth 
investigation on the (photo-)physical mechanisms that cause PLEM in MIS structures.  
The majority of literature available on PLEM in organic devices deals with PL 
quenching in different types of organic light-emitting diodes (OLEDs) (e.g.: Haneder et 
al., 2009; J. Kalinowski, Cocchi, Fattori, Murphy, & Williams, 2010; Jan Kalinowski, 
Stampor, Cocchi, Virgili, & Fattori, 2006; Nollau, Hoffmann, Fritz, & Leo, 2000). 
Characteristic for this type of devices are (i) a vertical flow of charges though several 
functional layers and thus multiple hetero-interfaces, and (ii) the presence of a large 
electric-field in the active parts of the device. These characteristics foster the dissociation 
of excitons into free holes and electrons, which in most cases dominates the PLEM in 
                                                 
27 PLEM denotes the all effects that electrically modulate the PL intensity. A positive PLEM value 
corresponds to PL quenching.    
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active OLEDs (e.g.: 
Gonzalez-Rabade, Morteani, 
& Friend, 2009; Haneder et 
al., 2008; Jan Kalinowski et 
al., 2000).  
Devices base on MIS 
structures have a 
fundamentally different 
geometry and mode of 
operation. They consist of (at 
least) one charge-injecting 
electrode28 in contact with a semiconducting layer, and a second electrode, often called 
gate-electrode29, that is separated from the semiconductor by an insulating layer. 
Applying an electric potential between the electrodes charges are injected from the top 
electrode into the semiconducting layer. These subsequently accumulate at the 
semiconductor-insulator interface. The space-charge generated by the accumulated 
charges in turn screens the gate-field form the semiconductor and thereby reduces further 
charge-injection, until it comes to a complete halt. In the steady-state operation regime 
the effective electric field within the organic layer is therefore approximately zero (Sze 
2007). Electric-field induced dissociation of excitons, as it dominated the PLEM in 
OLEDs, is therefore strongly reduced, if not completely prevented in MIS structures. On 
the other hand, the charge density in the space-charge region can easily exceed values of 
1010 cm-2 (Horowitz 1999). With such high densities PLEM by exciton-charge interaction 
becomes a relevant process (Hodgkiss 2012; Gulbinas 2010). Indeed, in the first 
publication that was exclusively dedicated to PLEM in OFETs, HANSEN ET AL attributed 
the observed PL quenching to exciton-charge interaction (Hansen 2013). Moreover, they 
conclude that only trapped charges contribute to the exciton quenching, based on the 
observation that the quenching saturates above the threshold voltage of the transistor. 
However, this hand waving assignment is a bit superficial. Indeed, as we will see in this 
chapter, the strong localization of the space-charge causes the saturation and ergo the 
saturation could also be observed if no trapped charges were present in the device.       
This chapter utilizes static PLEM and PL lifetime modulation measurements to perform 
a comprehensive investigation on the PLEM in MIS-structures. Comparing the optical 
measurements to a semi-analytical electrostatic model of a MIS structure, confirms that 
the presence of a space-charge zone causes the observed PLEM. The localization of the 
                                                 
28 Historically this used to be a metal electrode, hence the name MIS structure. Nowadays, different 
charge-conducting materials like conducting polymers are used as well.  
29 The term “gate-electrode” originates from its task in the operation of a transistor, in which the gate-
electrode “gates” (=controls) the charge flow through the device.  
 
Figure 4.1:  Different device geometries of OLEDs (left) and MIS-
structures (right).  
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space-charge at the semiconductor-insulator (S/I) interface then elegantly explains an 
observed saturation of the PLEM for high applied voltages. Finally, the PLEM 
measurements will be discussed on the basis of a drift-diffusion model, which 
mathematically confirms the connection between observed PLEM and microscopic 
charge-exciton interaction.   
Parts of this chapter concerning the static electro-modulation in PTCDI-C13 OFETs have 
been published in (Koopman 2013).  
4.1 Device Fabrication and Experimental 
Section 4.1 clarifies the fabrication techniques and characterization setups implemented 
in this chapter, in order to allow an independent reproduction. For more details on the 
fabrication of organic thin-films by thermal evaporation and experimental principles see 
appendix A.  
4.1.1 Fabrication of MIS structures 
In principle, two types of MIS structures, based on respectively PTCDI-C13 and T4Dim, 
were used in this chapter. However, the majority of investigations during this chapter will 
concentrate on PTCDI-C13, as conclusive PLEM-measurements on T4dim devices were 
difficult to realize (see section 4.2 for more details). Given the similarity in excitonic 
behavior of the two materials, the validity of the findings of the investigation on PTCDI-
C13 can be extended to T4Dim  
The major difficulty for all PLEM-measurements on MIS structures is related to the 
influence of the metal electrodes. Metal induced exciton-dissociation and plasmonic-
effects can cause large and unwanted modulations of the PL. Therefore, the PLEM 
measurements in this chapter were performed in the channel of an OFET structure. The 
OFETs were realized in a bottom-gate/top-electrode configuration, thus the insulated 
electrode was located on the substrate side of the device. As gate material an Indium-Thin 
Oxide (ITO) layer thermally evaporated onto a glass substrate was used. For separating 
the ITO from the semi-conductor a ca. 450 nm Poly(methyl methacrylate) (PMMA) layer 
was spin-cast onto the ITO and subsequently dried for ca. overnight at 90°C. To 
determine the capacitance of the PMMA layer, a metal electrode was evaporated onto 
several  ITO/PMMA stack samples and their capacitance was measured by a capacitance 
meter (Agilent 1701B). The average capacitance for these structures was determined as Ci 
= 7.59±0.02 nF/cm2. This value was subsequently used for all the calculations. Finally, 
the semiconductor was thermally evaporated onto the ITO/PMMA stacks with a growth 
rate of 0.1 Å/sec. If not stated otherwise, the thickness of the semiconducting layer was 
taken to be 15 nm for PTCDI-C13 and 35 nm for T4Dim. These values correspond to 
active layers in the best performing devices. Finally, as injecting electrode a 50 nm gold 
layer was evaporated onto the semiconductor. 
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4.1.2 Experimental 
Most authors dealing with the modulation of photoluminescence in organic devices 
identify the differential between the PL in the active and inactive state of a device as PL 
quenching signal (e.g. J. Kalinowski, Stampor, & Di Marco, 1992; Nollau et al., 2000). 
However, in some situations the PL in the active state of the device is higher than in its 
inactive state (Gulbinas 2010). This situation formally leads to negative values for the PL 
quenching. As “negative quenching” is a rather unintuitive concept, the differential PL 
will be henceforth referred to as PL electro-modulation (PLEM), denoted 𝜂(𝑥, 𝑦). 
Positive PLEM-signals correspond to PL quenching, while negative signals correspond to 
PL enhancement. The PLEM-signal is calculated as:  
 𝜂(𝑥, 𝑦) =
𝑃𝐿0(𝑥, 𝑦) − 𝑃𝐿𝑉(𝑥, 𝑦)
𝑃𝐿0(𝑥, 𝑦)
=
Δ𝑃𝐿
𝑃𝐿0
 (4.1) 
Here, 𝑃𝐿𝑉(𝑥, 𝑦) denotes the PL intensity with a bias, 𝑉𝐺, applied between the injecting- and 
the gate-electrode, while 𝑃𝐿0(𝑥, 𝑦) denotes the PL intensity without an external bias. The 
differential signal cane be obtained by alternately measuring the biased (“on-
measurement”) and the unbiased device (“off-measurement”). However, when measuring 
the PLEM this way, one needs to take into account the temporal delay between the 
application of the bias potential and steady-state condition in charge distribution within 
the device. This is, because the injected charges need time to diffuse to the (S/I) interface 
and spread into the channel of the OFET.  
The charging-time depends on the efficiency of charge-injection, on the charge drift-
mobility in the semiconductor and on the geometrical size of the device. One can 
determine the retardation time by measuring PL intensity versus time, while switching the 
gate electrode (figure 4.2).  For the OFETs used, the PL instantaneously reacted to the 
application of a bias, with ca. 500 
µs delay time. This suggests that, 
the off and on measurements could 
have been made immediately after 
one another. However, the PL 
needed about 10 ms, before it 
reached its original value after the 
bias was switched off. A suitable 
delay-time between the application 
of the bias to the device and the 
measurements of the PLEM-signal 
is thus in the order of 10ms.  In 
order to account for the charging 
 
Figure 4.2: After the gate bias is switched on, the PL drops 
instantaneously. If the bias is switched off again, the PL restores 
within approximately 10 ms.   
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and de-charging times a delay-time of 5-10ms between bias-switching and PLEM-
measurement was used throughout this chapter.  
To ensure measuring only the PLEM in the channel of the OFET, all static 
measurements were performed on a Nikon TE2000 inverted microscope with a Nikon 60x 
ELWD air immersion objectives (N.A. 0.7). The samples were excited with a cw-Ar+ 
laser at 480 nm, whose intensity was reduced below 2 µW using neutral optical density 
filters, such that exciton-exciton interaction as well as further non-linear effects could be 
neglected. A Hamamatsu optical multichannel analyzer was used for measurement of 
spectral variation of the PLEM. The spectrally integrated PLEM signal was recorded by 
the PMTs of a Nikon EZ-C1 confocal scanning head connected to the microscope. In the 
first case the integration time was set to 500 ms, while in the latter case the integration 
time was around 3ms. 
 Time-resolved PL measurements were performed using a Hamamatsu Streak-Camera. 
Additionally, the aforementioned objective (60x ELWD) was integrated into the setup, in 
order to confine the excitation and PL collection to the channel of the OFET. The samples 
were excited at 480 nm, and again the laser power was reduced below 10µW using 
neutral optical density filters to prevent non-linear effects. Only the spectrally integrated 
PL was analyzed, since the static measurements indicated that the PLEM is independent 
of the emission wavelength (see section 4.2.1). All modulated PL lifetime decay-traces 
were normalized relative to the maximum of the unmodulated PL. 
Spatial variations of the PLEM are neglected in this chapter, but will be discussed in the 
next chapter. There the spatial variation of the PLEM-signal will be used to observe the 
spatial variation of the charge distribution in operating OFETs.  
4.2 Results of PLEM Measurements 
This section discusses the empirical results of the static and the dynamic PLEM 
measurements. A throughout discussion of the data will be conducted in section 4.3.  
4.2.1 Static PLEM  
The application of a gate-bias to the device, did not alter the spectral shape of the PL 
spectrum of PTCDI-C13 (figure 4.3a, inset) and T4dim (figure 4.3b, inset). Slight 
differences of the spectral shape of the emission of T4dim compared to the spectrum 
presented in chapter 3, are caused by the high sensitivity of the PL to small variation in 
the crystal structure once the electric field is applied For further details on the influence 
of the crystallization on the optical spectra of T4dim the interested reader is referred to 
the work of TROISI (Troisi 2013).  Since the PLEM is identical for all wavelengths, only 
the spectrally integrated PL will be considered in the following.  
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Figure 4.3 a) presents the spectrally integrated PLEM-signal from a 500 nm spot in the 
channel area of a PTCDI-C13 OFET versus the applied bias gate-bias 𝑉𝐺. No source-drain 
bias was applied keeping both the electrodes grounded. The positive PLEM-signal 
corresponds to an effective quenching of the PL in the biased device compared to the 
unbiased one. The evolution of the signal with increasing bias can roughly be divided into 
two regimes: (i) at low voltages the signal increased rapidly and almost linearly with the 
applied bias, while (ii) at higher voltages the signal converged to an upper bound. In MIS 
structures it is plausible to assume a connection between the S/I-interface and the 
saturation of the PLEM when charges are accumulated. To reinforce this assumption 
experimentally, the interface-to-bulk ratio of the semiconductor layer was varied by 
increasing the thickness of the layer dsemi.  The thickness was increased from 7 nm, for 
which the PL was strongly quenched, to 50 nm, for which only a weak PLEM-signal 
could be observed. While the linear rise of the signal was almost unaffected by the 
semiconductor thickness, the saturation limit value is inversely proportional to dsemi (see 
also figure 4.13). This clearly confirms that the PL quenching is mainly an interfacial 
phenomenon. 
The evolution of the PLEM-signal for T4dim was comparable to the results described 
for PTCDI-C13 (figure 4.3 b). The saturation plateau was less pronounced as in the case of 
PTCDI-C13, mainly because the gate bias could only be increased to 50V before an 
electrical breakthrough occurred. This electrical-breakdown of the device was observed 
for all tested growth conditions and for a semiconductor layer-thickness up to 50 nm. 
Very high T4dim-thicknesses above 100 nm allowed for higher voltages. The high bulk 
fraction of these layers however prevented the observation of a PLEM-signal. The trade-
off between electrical stability and dynamic range in the PLEM-signal was determined for 
 
Figure 4.3: The static PLEM measurements PTCDI-C13 (a) and T4dim (b) both show a similar behavior: At low bias 
ΔPL/PL increases rapidly, while at higher voltages it converges to an upper bound. This behavior is typical for a PL 
quenching process, with a limited accessibility of the quenchers to the excited molecules. The insets of both figures 
show the equal quenching throughout the PL-spectrum. 
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a layer thickness of 35 nm. Due to 
the electrical instability for small 
layers, a thickness comparison 
could not be performed for T4dim. 
Nevertheless, the similarity 
between the evolution of the EM-
signal of T4dim and PTCDI-C13 
strongly suggests that the signal in 
both cases is caused by a common 
physical mechanism related to the 
S/I-interface. 
4.2.2 PLEM Dynamics 
To obtain a deeper insight into 
the microscopic mechanism at the basis of the observed PLEM, the influence of the 
applied bias on the photo-luminescence decay dynamics was investigated. The PLEM 
originates from a modulation of either (i) the initial number of generated excitons or (ii) 
the their radiative decay rate  (Popovic 1998). The former indicates that the applied bias 
prevents the formation of a radiative exciton, e.g. by quenching a precursor state to the 
radiative end-state. It will be referred to in the following as amplitude quenching. The 
latter implies the presence of an alternative non-radiative decay channel for the radiative 
state when the bias is plied. We can expect this rate quenching to occur due to both 
field-enhanced exciton dissociation and non-radiative deactivation of exciton by the 
presence of charges. 
Indeed, applying an external bias to the device notably decreased the apparent radiative 
lifetime of excitons in the PTCDI-C13 layer, compared to the un-biased device (Figure 
4.5a). Additionally, biasing the device led to a decrease of the initial PL amplitude. Thus 
both amplitude and rate quenching mechanism are present in the biased sample. It should 
be noted that, because the PL modulation does not vary according to the spectrum 
wavelength30, only the spectrally integrated time-traces are discussed in this chapter. 
Figure 4.5 b) presents the PLEM dynamics calculated according to equation 5.1. The 
non-vanishing PLEM values at 𝑡 = 0 correspond to the amplitude quenching observed in 
the PL dynamics. Amplitude quenching and initial PLEM saturate for high 𝑉𝐺 > 20 𝑉 to 
around 15% of its unbiased value or an initial PLEM of 0.15. Moreover, the increasing 
PLEM rates, corresponding to the decreasing apparent radiative lifetime, are clearly 
visible, as the initial portion of the PLEM time-traces depends strongly on the applied 
                                                 
30 The PLEM rates obtained from PL decays at different wavelength agreed within one standard 
deviation. As this analysis does not provide any additional information, it is not discussed any further in this 
chapter.   
 
Figure 4.4: Static PLEM measurements with varying thickness of 
the PTCDI-C13 layer. In all cases, the progression for low biases is 
similar. The large variation of the upper bound is consistent with a 
PL quenching related to the S/I-interface. 
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bias. Interestingly, the time-traces for all biases converge to the same saturation value of 
ca. 0.35 for long delay times. 
No measurements of the PLEM dynamics of T4dim were possible for the same reasons 
mentioned in section 4.2.1. For devices employing a thin layer of T4dim, the PL intensity 
was below the sensitivity of the streak-camera. On the other hand, with a thick layer the 
PLEM-signal was below the dynamic resolution of the streak-camera. Either way, no 
PLEM measurements could be performed with the equipment available. However, section 
4.3.5 of this chapter will show that the physical model developed for PTCDI-C13 can also 
be used to describe the voltage-dependent static PLEM of T4dim. 
4.3 Exciton-Charge Interaction in MIS-structures 
The first part of this section describes the working-principles of MIS structures and 
discusses a semi-analytical model describing the formation of a space-charge zone, 
introduced by HOROWITZ (HOROWITZ 2011). The calculated distribution of charges and of 
the resulting electric-field will be used in the section 4.3.2 to identify charge-exciton 
interaction as the most probable mechanism underlying the observed PLEM. Sections 
4.3.3 then introduces a diffusion limited charge-exciton interaction model for the PLEM 
dynamics, while section 4.3.4 discusses further improvements to the model for  accurately 
describing the data. Section 4.3.5 finally derives a model for the steady-state PLEM and 
utilizes it to estimate the physical thickness of the charge accumulation zone.  
4.3.1 Device-Physics of Metal-Insulator-Semiconductor Capacitors  
MIS structures are basically charge-accumulation devices (Sze 2007). They consist of 
an injecting- or “source”-electrode, a semiconducting layer, an insulating layer and a 
“gate”-electrode. Because the thermal energy at room temperature is not sufficient to 
excite a single carrier into the conduction band or activate a hopping process, an idealized 
 
Figure 4.5: The application of a bias to the MIS structure result in voltage-dependent amplitude and rate quenching (a). 
The dynamic changes of the photoluminescence can be seen more clearly in the PLEM dynamics (b) 
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pure organic semiconductor would be 
fully depleted of carriers. In realistic 
situations, impurities and defects form 
unintended dopants that introduce a 
certain amount of equilibrium carriers. 
Under bias, electrons or holes are 
injected from the source-electrode and 
the carrier concentration is increased 
beyond its equilibrium value. These 
injected carriers now control the 
charge-density and the electric-field 
profile in the device. Without a 
possibility to exit the semiconductor, 
the carriers accumulate at the 
semiconductor-insulator interface. The 
space-charge formed this way 
decreases the effective electric-field in the semiconductor, which in turn lowers the 
charge-injection rate. Finally, in the new equilibrium “under bias” the injection rate and 
the electric-field in the semiconductor become zero.   
One can calculate the charge distribution across the semiconductor by solving 
POISSON’S equation (Horowitz 2011): 
 
𝑑2𝑉
𝑑𝑥2
= −
𝜌
𝜖𝑆
 (4.2) 
In this equation, 𝑥 is the coordinate perpendicular to the insulator, 𝜌 is the charge density 
in the semiconductor and 𝜖𝑆 the permittivity of the semiconductor. The electrode bias is 
denoted Vg in reference to its function as gate-electrode in an OFET. Unfortunately, 
POISSON’S equation has no exact solution for most problems, and can only be 
approximated numerically. For MIS-structures MOTT AND GURNEY developed an 
approximate analytical solution, by assuming that the charge-density 𝜌 in the 
semiconductor can be described according to Boltzmann’s statistics: 
 𝜌 = 𝑒𝑛 = 𝑒𝑛𝑠 ∙ 𝑒𝑥𝑝(
𝑒(𝑉 − 𝑉𝑆)
𝑘𝑇
) (4.3) 
Here, 𝑒 is the elementary charge, 𝑘 is Boltzmann’s constant, 𝑛 is the number-density of 
charge-carriers, 𝑛𝑠 represents the number-density of charges at the S/I-interface (𝑥 = 0) 
and 𝑉𝑆 is the potential at the same interface. A first integration of POISSON’S equation 
using the aforementioned charge density and substituting 𝐹 = 𝑑𝑉/𝑑𝑥 yields: 
 
Figure 4.6: Typical accumulation behavior for an MIS 
capacitor. The vertical positive electric-field injects electrons 
into the semiconductor, which accumulate at the dielectric 
interface. The electric-field of the space charge then screens 
the applied field and the current drops to zero. 
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 𝐹 = −
𝑑𝑉
𝑑𝑥
= √
2𝑘𝑇𝑛𝑆
𝜖𝑆
∙ 𝑒𝑥𝑝(
𝑞(𝑉 − 𝑉𝑆)
2𝑘𝑇
) (4.4) 
The second integration from 0 to 𝑥 results in:  
 √
2𝑘𝑇𝑛𝑆
𝜖𝑆
∙ 𝑥 =
2𝑘𝑇
𝑞
[exp(−
𝑞(𝑉 − 𝑉𝑆)
2𝑘𝑇
) − 1] (4.5) 
Solving equation 5.5 for 𝑉 and introducing the result into the charge distribution function 
gives the number carrier-density versus 𝑥:  
 𝑛 = 𝑛𝑆 (1 +
𝑥
√2𝐿𝐷
)
−2
, 𝑤𝑖𝑡ℎ   𝐿𝐷 =
√2𝑘𝑇𝜖𝑆
𝑞𝐶𝑖𝑉
 (4.6) 
Here  𝐿𝐷 is called DEBEY-length. One can obtain the total charge density in the 
accumulation layer by integrating n(x) form x = 0 to x = ∞ and equating the result to 
Ci(VG-Vs) ≈ CiVG : 
 𝑛(𝑥) =
(𝐶𝑖𝑉)
2
2𝑘𝑇𝜖𝑆
(1 +
𝑥
√2𝐿𝐷
)
−2
 (4.7) 
Equation 5.7 clearly shows 
that the majority of 
charges are located closely 
to the S/I-interface and the 
charge-density away from 
the interface decreases 
according to an inverse 
square law.  
The assumption in the 
definition of the charge 
distribution according to 
MOTT AND GURNEY is that 
charges can move in a 
homogenous and continuous medium. However, most organic molecules used in MIS 
structures, including PTCDI-C13 and T4Dim, organize in a layer-by-layer fashion with a 
layer-thickness of around 2-3 nm (Tatemichi 2006; Melucci 2011). When calculating the 
charge density distribution, one has to account for this lamellar structure of the 
semiconductor active layer. 
In this thesis the modifications of the MOTT AND GURNEY model for organic 
semiconductors introduced by HOROWITZ will be used.  (Horowitz 2011). HOROWITZ 
 
Figure 4.7: Organic Semiconductors organize in a layer-by-layer fashion. 
Potential distribution and charge distribution are not smooth function of the 
distance from the SI interface. Figure adapted form (Horowitz, 2011) 
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assumed that the semi-conductor consists of a stack of dielectric layers with thickness d 
and that the ith layer has a surface charge density σi. Applying GAUSS-law then yields: 
 𝑉𝑖−1 − 𝑉𝑖 = 𝜎𝑖 ∙
𝑑
𝜖𝑆
 (4.8) 
If BOLTZMANN’S statistics hold, the thermodynamic equilibrium between two adjacent 
layers gives: 
 
𝜎𝑖+1
𝜎𝑖
= exp(−
𝑞
𝑘𝑇
∙ (𝑉𝑖 − 𝑉𝑖+1)) = exp(−Kσi+1) (4.9) 
or, solved for 𝜎𝑖, respectively: 
 𝜎𝑖 = 𝜎𝑖+1 exp(−Kσi+1) ,   𝑖 = 1,… , 𝑛 − 1 (4.10) 
Here 𝐾 = 𝑞 𝑘𝑇⁄ ⋅ 𝑑 𝜖𝑆⁄ . The total charge is calculated by equating the sum of the layer 
densities to Ci(VG-Vs) ≈ CiVG: 
 ∑ 𝜎𝑖 = 𝐶𝑖𝑉𝐺
𝑛
1
 (4.11) 
The charge density model of HOROWITZ does not give an analytical expression for the 
charge density. A numerical approximation of this model was implemented in Python 
using the scipy.optimize package. The results for the PTCDI-C13 devices are plotted 
in figure 4.8. Between two adjacent layers, the charge density decreases approximately 
 
Figure 4.8: The simulation of the charge density distribution in the semiconducting layer of an organic MIS structure 
predicts the charges to be accumulated in the first two molecule layers form the dielectric-interface. The parameters 
of the simulation were chosen in accordance with the real devices studied (d = 3 nm, ϵs = 3∙ϵ0, Ci = 7.59 nF/cm2.)  
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one order of magnitude. The charge-density at the second layer is thus approximately 
10% of the density at the first layer. Overall, it reaches further deep into the substrate as it 
would have been expected from the classical approximation by MOTT AND GURNEY.  
Three conclusions can be drawn from this simulation: (i) the overwhelming majority of 
charge is located at the molecular layer immediately interfacing the dielectric, while the 
charge density in the second molecular layer is significantly lower for all applied 
voltages, and the charge density in the bulk of the material can be neglected; (ii) the 
charge density depends linearly on the applied voltage (ρ = 7.5x10-9  C/(Vcm2) ∙ Vg) for 
all layers, and grows significantly faster for the 1st layer than for the higher ones; (iii) in 
the bulk of the material the electric-field is insignificant as the charges in the first layer 
effectively screen the potential applied to the  “gate” electrode. 
4.3.2 Identification of the PLEM Mechanism 
Several physical mechanisms are reported in literature  that could explain the PLEM 
observed in active organic devices (Nollau 2000; Kalinowski 2006; Karpicz 2010; 
Kalinowski 2008; Ara 2006; Kanada 2000).  These are respectively:  
1) Exciton-Dissociation by an electric field 
2) STARK-Shift due to an electric field 
3) Interface effects like metal induced exciton-dissociation, quenching by impurity 
dopants or hetero-interface exciton-dissociation. 
4) Exciton quenching by injected charges 
Mechanisms 1) and 2) have in common, that they require the presence of large electric 
fields above 1 MV/cm2. This field strength frequently appears in diode-like structures and 
hence in particular Exciton-Dissociation has been investigated as factor limiting the 
efficiency for high brightness OLEDs (Kalinowski 2006) and organic photovoltaic cells. 
If we consider only the external bias applied to OFETs we would expect the presence of 
electric-fields with field-strengths possibly above 1 MV/cm2 as well. However, in case of 
OFETs injected charges form a space-charge at the S/I-interface-effectively screening the 
electric field in the bulk of the semiconductor. The simulation in the previous paragraph 
clearly demonstrates that the majority of charges can be found in the first layer of 
molecular layer adjacent to the gate-insulator. This in turn means that the major fraction 
of the voltage drop takes place between the gate-insulator and the first molecular layer. 
Indeed, this postulation is experimentally validated by the fact that no photocurrent could 
be obtained from the OFETs driven in the pure accumulation regime. Exciton-
dissociation induced by an external electric field is therefore ruled out.    
A possible explanation for the PLEM in the first layers is the STARK-effect (Ara 2006; 
Kanada 2000). It might cause a change of the absorbance at excitation wavelength or of 
the rates of electronic transitions (chapter 2.3). However, the deviations due to the 
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STARK-effect are minute (chapter 3.2) and not sufficient to explain the observed PL-
quenching of up to 60% of the unbiased PL. Moreover, no change in the quenched 
emission-spectrum was observed, which one would expect in case of a significant 
deviation of the PL due an electric field-induced alternation of the molecular energy 
levels. Therefore, also the STARK-effect can be neglected. 
PLEM-effects due to the presence of interfaces have been reduced as much as possible. 
Organic-organic hetero-interfaces are not present by design and the influence of metal-
organic interfaces is ruled out, by measuring the quenching inside the channel of the 
OFET. Bias-dependent quenching of excitons at impurities and defects cannot be ruled 
out completely. On the other hand, the method used for device fabrication, low growth-
rate vacuum sublimation, usually guarantees high purity devices. Moreover, all devices 
were produced in a glove-box under nitrogen atmosphere and they were encapsulated 
before leaving the controlled conditions. Therefore, the transistor characteristics of the 
OFETs used here did not show evidence for an excessive amount of charge traps formed 
by impurities or defects (see chapter 5 for details). I therefore assume that quenching 
connected to impurities does not have a dominant contribution to the observed quenching.  
 Having excluded all other mechanisms for bias-dependent PL modulation, the only 
remaining possible source of the observed exciton quenching, is the non-radiative 
deactivation of excitons by charges. While this process can often be neglected for the 
investigation of the PL quenching in OLEDs, it has a profound influence on the PL from 
organic semiconductors in OFETs and other MIS structures. In OLEDs the charge density 
is usually too low to allow an encounter between excitons and charges (Pfeffer 1998; Luo 
2006) with no-null probability. In MIS structures on the other hand, a very high charge 
density,𝜌 > 1 ∙ 1011 𝑐𝑚−2 is present in the space-charge region. This density corresponds 
roughly to one charge per 36 𝑛𝑚, a distance that is well within the average exciton 
diffusion length in organic semiconductors of approximately 10 𝑛𝑚  (Pope 1982; Karpicz 
2010). 
The localization of the injected charges in a space-charge region at the S/I interface also 
explains elegantly the observed saturation of the quenching at high biases. Only in the 
space-charge region the charge density is sufficiently high to interact with a significant 
amount of excitons. Excitons that remain within the bulk of the material for their entire 
lifetime cannot be influenced by the injected charges. In terms of photoluminescence 
spectroscopy one speaks of fractional accessibility of the fluorophores to quenchers in 
this situation (Lakowicz 2010). In this case, the quenching saturates if all excitons that are 
accessible to the quenchers are deactivated non-radiatively by the quenchers. In the case 
of PLEM in OFETs, this means that all excitons located at the layers directly adjacent to 
the insulator are quenched while the ones in the “bulk”-layers remain unaffected. This 
implies that the saturation is a measure for the thickness of the charge accumulation layer. 
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The following sections will develop a mathematical model for describing the exciton-
charge interaction and demonstrate how it can be used to extract information about the 
charge accumulation. 
4.3.3 Exciton-Charge Interaction Model  
In the previous chapter it was evidenced that the PL transient of PTCDI-C13 at room 
temperature is dominated by two components. The short component centered at higher 
energies is related to the phonon assisted recombination of the singlet-excitons to the 
ground state, while the longer component can be attributed to the vibronic sidebands. If 
we assume that after an initial excitation, excitons can decay from two different types of 
states, S𝑎 and𝑆𝑏, the differential rate-equations can describe the exciton dynamics in the 
MIS structure: 
 
𝑑[S𝑎]
𝑑𝑡
= 𝐿(𝑡) − 𝛾1[𝑆𝑎][𝑄] − 𝑘1[𝑆𝑎] (4.12) 
 
𝑑[S𝑏]
𝑑𝑡
= 𝐿(𝑡) − 𝛾2[𝑆𝑏][𝑄] − 𝑘2[𝑆𝑏] (4.13) 
Here [S𝑎,𝑏] are the populations of the excited states,  𝑘1,2 are the first order rate constants 
describing the uni-molecular radiative and non-radiative recombination and 𝛾1,2 are the 
second-order rate constants that describe the bi-molecular exciton-charge interaction. 
Accordingly, [𝑄] represents the population of charges or charge number-density. For the 
dynamic measurements, the excitation function L(t) can be ignored, as the temporal 
resolution of the measurement setup (∼ 4𝑝𝑠) is much longer than the laser excitation 
pulses (∼ 100𝑓𝑠). The generic solution for this parallel recombination process, for 𝑡 > 0, 
has the form: 
 
𝑃𝐿(𝑡) = [S𝑎](𝑡) + [S𝑏](𝑡)
= 𝐼1 ∙ exp(−(𝑘 1 + 𝛾1[𝑄]) ∙ 𝑡) + 𝐼2 ∙ exp (−(𝑘 2 + 𝛾2[𝑄]) ∙ 𝑡)
 (4.14) 
While without charge injection the bimolecular decay channel vanishes and the solution 
becomes: 
 𝑃𝐿0(𝑡) = [S𝑎]0(𝑡) + [Sb]0(𝑡)
 
 = 𝐼01 ∙ exp(−𝑘 1𝑡) + 𝐼02 ∙ exp (−𝑘 2𝑡) (4.15) 
With these time-dependent functions of the PL intensity, one can calculate the electro-
modulation from equation 4.1: 
 
𝜂(𝑡) =
∆𝑃𝐿(𝑡)
𝑃𝐿(𝑡)0
=
𝐼01 ∙ exp(−𝑘1𝑡)(1 + 𝛼1exp (−𝛾1[𝑄]𝑡)) + 𝐼02 ∙ exp(−𝑘2𝑡)(1 + 𝛼2exp (−𝛾2[𝑄]𝑡))
𝐼01 ∙ exp(−𝑘 1𝑡) + 𝐼02 ∙ exp (−𝑘 2𝑡)
 (4.16) 
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Here, 𝛼𝑛 = 𝐼𝑛 𝐼0𝑛⁄  characterizes the degree of amplitude-quenching. Contrary to rate-
quenching, which identifies the quenching of an exciton after its generation, amplitude-
quenching indicates that the exciton formation is prevented in the first place. 
In general, equation 5.16 cannot be simplified any further. However, in the case of 
PTCDI-C13 and T4Dim the PLEM is identical for the entire spectrum and thus the 
exciton-charge interaction influences both decay components equally. In other words: 
𝛾 = 𝛾1 = 𝛾2 and 𝐼1 𝐼01⁄ = 𝐼2 𝐼02⁄ = 𝛼 = 𝐼/𝐼0. Equation 5.16 simplifies to: 
 𝑃𝐿(𝑡) = (𝐼01 ∙ exp(−𝑘1𝑡) + 𝐼02 ∙ exp (−𝑘2𝑡)) ∙ 𝛼 exp(−𝛾[𝑄]𝑡) (4.17) 
Now, calculating the time dependent electro-modulation is straightforward. But we still 
have to consider that the charges are located exclusively in the interface-layers, while the 
bulk is free of charges for all practical purposes. To take into consideration this charge-
distribution I use the same approach as demonstrated by LAKOWICZ for the fractional 
accessibly of fluorophores31 to quenchers (Lakowicz 2010). We first calculate the ratio 
between the modulated and the un-modulated PL for a region where all excitons can be 
subject to quenching: 
 
𝑃𝐿(𝑡)
𝑃𝐿0(𝑡)
 =  
(𝐼01 ∙ exp(−𝑘1𝑡) + 𝐼02 ∙ exp (−𝑘2𝑡)) ∙ 𝛼 exp(−𝛾[𝑄]𝑡)
𝐼01 ∙ exp(−(𝑘 1)𝑡) + 𝐼02 ∙ exp (−(𝑘 2)𝑡)
 = 𝛼 exp(−𝛾𝑡[𝑄])
 (4.18) 
The observed total 𝑃𝐿0,𝑡𝑜𝑡then has to be divided into an interface 𝑃𝐿0,𝑖𝑛𝑡 fraction and a 
bulk 𝑃𝐿0,𝑏𝑢𝑙𝑘 fraction: 
 𝑃𝐿0,𝑡𝑜𝑡 = 𝑃𝐿0,𝑖𝑛𝑡 + 𝑃𝐿0,𝑏𝑢𝑙𝑘 (4.19) 
While only the interface fraction is subject to electro-modulation as calculated above: 
 𝑃𝐿𝑡𝑜𝑡 = 𝑃𝐿𝑖𝑛𝑡 + 𝑃𝐿𝑏𝑢𝑙𝑘 = 𝑃𝐿0,𝑖𝑛𝑡 ∙ 𝛼 exp(−𝛾[𝑄]𝑡) + 𝑃𝐿0,𝑏𝑢𝑙𝑘 (4.20) 
By using this relation we can calculate the quenching: 
 
𝜂(𝑡) =
𝑃𝐿0,𝑡𝑜𝑡 − 𝑃𝐿𝑡𝑜𝑡
𝑃𝐿0,𝑡𝑜𝑡
=
𝑃𝐿0,𝑖𝑛𝑡(1 − 𝛼 exp(−𝛾[𝑄]𝑡))
𝑃𝐿0,𝑖𝑛𝑡 + 𝑃𝐿0,𝑏𝑢𝑙𝑘
= 𝑓 ∙ (1 − 𝛼 exp(−𝛾[𝑄]𝑡)) = 𝑓 ∙ (1 − 𝛼 exp(−Γ𝑡))
 (4.21) 
Equation 5.21 is used to fit the dynamic PLEM data (green line in figure 4.9). Thus the 
quenching starts at time 𝑡 = 0 with a value 𝑓 ∙ (1 − 𝛼) and subsequently converges to an 
upper limit of 𝑓 = 𝑃𝐿0,𝑖𝑛𝑡/(𝑃𝐿0,𝑖𝑛𝑡 + 𝑃𝐿0,𝑏𝑢𝑙𝑘). Here 𝑓 corresponds to the fraction of 
interface material relative to the total material where the chrage-exciton bimolecular 
process takes place. Thus in other words it corresponds to the thickness of the 
                                                 
31 Fluorophores are fluorescent molecules. This term is often used in chemical and biological 
fluorescence spectroscopy, in this context read: excitons. 
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accumulation layer. For t > 0 the model describes with good approximation  the time-
dependent electro-modulation 𝜂(𝑡) behaviour at high 𝑉𝐺 (figure 4.9). However, it poorly 
matches the data collecte in the case of low 𝑉𝐺. Moreover, the extracted bi-molecular rate 
constants do not depend linearly on the applied voltages (figure 4.11b), as it would have 
been expected from the model presented here.   
4.3.4 Correction for Initial Random Distribution of Excitons 
To improve the model presented above, we have to take into account the initial 
distribution of excitons after their generation and in particular, their relative placement 
compared to the charges. Depending on the distance between the photon-absorption site 
and the nearest neighboring charge, the interaction-probability of the generated exciton 
with a charge varies. In particular, if a photon is absorbed in the direct proximity of a 
charged molecule, the generation of an exciton is prevented. This lowers the total number 
of excitons and hence leads to amplitude quenching. Moreover, even if the excitons are 
generated sufficiently far away from all charges, their chance to encounter a charge still 
depends on their initial distance from the nearest neighboring charge. Only if an exciton 
is located at the same distance to more than one charge, its probability for encountering a 
charge depends on the average density of charges. This circumstance can be accounted 
for by introducing a time dependent bi-molecular rate constant for the interaction of 
excitons with charges.  
 
Figure 4.9: While the initial amplitude and the rate-constants of the dynamic PLEM vary significantly for different 
biases, all PLEM time-traces converge to the same upper bound 𝑓 for long delay times. This behavior cannot be 
reproduced satisfactorily by a pure diffusion limited model (green line) but requires the assumption of a time dependent 
rate constant (red line). 
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In order to correct model I (equation 4.22) we can define a sphere of action around 
each absorbed photon as it was demonstrated by LAKOWITZ (Lakowicz 2010).  If a charge 
is present within this sphere during the absorption, exciton generation is prevented32.  The 
probability of finding a number n of quenchers in the volume S of the sphere can be 
calculated from the POISSON-distribution: 
 𝑃(𝑛) =
𝜆𝑛
𝑛!
𝑒−𝜆 (4.22) 
Here 𝜆 = [𝑄]̅̅ ̅̅ ∙ 𝑆 is the average number of quenchers in the volume S. [𝑄]̅̅ ̅̅  depends 
linearly upon the applied bias V. Only molecules for which 𝑛 = 0 (no quenchers present) 
can be fluorescent. Hence, the initial intensity has to be modified by a factor 𝛼 = 𝑃(0) =
𝑒−[𝑄]
̅̅ ̅̅ ∙𝑆 determining the probability of not being instantaneously quenched. The initial 
amplitude decreases exponentially with the applied voltage. This corresponds well to the 
observed behavior of 𝛼 with the applied voltage (figure 4.11 a). Fitting the amplitude 
quenching 𝛼 with an exponential decay 𝑒−𝜆 gives 𝜆 ≈ 0,042. With this value and the 
calculated charge density derived in section 4.3.1, the radius of the “sphere of action” 
around the created exction is approximately 1.54 nm, which seem to be a reasonable 
value for  the next-next neighbor distance.  With the voltage dependent pre-factor the 
total time-dependet quenching then reads: 
 𝜂(𝑡) =
∆𝑃𝐿(𝑡)𝑡𝑜𝑡
𝑃𝐿(𝑡)0,𝑡𝑜𝑡
 = 𝑓(1 − 𝑒−[𝑄]
̅̅ ̅̅ ∙𝑆e− Γ(𝑉)∙𝑡) (4.23) 
                                                 
32 The photon might as well create an exciton that is deactivated on a timescale less than the resolution of 
the setup. The description in this case is identical.  
 
Figure 4.10: Excitons are formed by photo-generation (1). Excitons with charges in their “sphere of action” are 
quenched immediately (1b). The remaining excitons can either travel into the space-charge zone and be quenched (2.) 
or recombine radiatively (3.). Excitons that are further removed from any charge (1a.) have a lower probability to be 
quenched than excitons (2.) with charges in their immediate vicinity.   
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With the introduction of a charge-density dependent initial “sphere of action”, the model 
thus describes the observed amplitude quenching very well.  
Those excitons created in a location far enough from any charges so that they are not 
quenched immediately can still diffuse towards a charge during their lifetime. In a simple 
diffusion-controlled exciton-charge interaction model, every exciton has the same 
probability to encounter a charge. Moreover, every interaction leads to the quenching of 
an exciton. With these assumptions, the quenching rate Γ = 𝛾[𝑄] depends linearly on the 
charge density with a bimolecular rate-constant:  
 Γ = 4𝜋(𝐷𝐸 + 𝐷𝐶)𝑅 ∙ [𝑄] (4.24) 
Here 𝐷𝐸 ,  𝐷𝐶 are the diffusion coefficients for excitons and charges and 𝑅 is the interaction 
radius. The rate constants extracted from the measurements using equation 4.24 deviate 
from the expected linear behavior at low charge densities (figure 4.11 b). In order to 
correct the simple diffusion controlled model, the dependence of the charge encounter-
probability on the initial distribution of excitons has to be taken into account. In short, 
excitons generated close to a charge are more likely to be quenched during their lifetime 
than those further away.  
The dependence of the interaction-probability of two species on the their initial 
distribution was analyzed by SMOLUCHWSKI (Rice 1985). This model can be adopted to 
describe the dynamics of the quenching of fluorophores, or excitons, by a generic 
quencher (Lakowicz 2010). The SMOLUCHOWSKI-equation for the time-dependence of the 
bimolecular rate-constant in this case reads:  
 𝛾(𝑡) ∙ 𝑡 = 4𝜋𝐷𝑅 ∙ 𝑡 + 4𝑅2(𝜋𝐷)1/2𝑡1/2 = 𝛾𝑡 + 2𝑏𝑡1/2 (4.25) 
Here, 𝐷 is the combined diffusion coefficient of the excitons and charges and 𝑅 is the 
exciton-charge interaction distance. The first term of equation 4.25 corresponds to the 
time-independent bimolecular rate constant for quenching, and thus to the basic model 
 
Figure 4.11: The initial amplitude (a) decreases exponentially with applied bias as a result of the prevention of exciton 
formation with high charge-densities. The bi-molecular PLEM rate constant does not adhere to a linear dependence on 
the applied bias for the pure diffusion limited model, but does reproduce a linear dependence for the corrected model.  
4 - Emission Quenching in Space-Charge Regions 
- 89 - 
 
developed in the previous section. The second term includes the random initial 
distribution of excitons and charges (Lakowicz 2010). Initially, some excitons are in close 
proximity of a charge and extinguished rapidly. Others are more distant and have a higher 
chance to recombine radiatively. With time the number of excitons with a higher 
quenching probability decreases and the remaining excitons present a time-independent 
diffusion limited probability for encountering a charge during their lifetime. 
Consequently, the time-dependent rate constant decreases from an initially high value to 
the diffusion limited time-independent value 𝛾.  
The SMOLUCHOWSKI-corrected diffusion-limited model fits well to the observed 
quenching dynamics for all voltages (figure 4.9, red line ) and the extracted bi-molecular 
rate constant depended linearly on the charge density as expected (figure 4.11 b). The 
linear dependence of 𝛾 on the charge concentration ex-post confirms the assumption of 
diffusion limited non-radiative deactivation of excitons by charges. An alternative 
mechanism for the quenching of excitons by charges would have been resonant FÖRSTER 
energy transfer. For this mechanism however, a quadratic dependence of 𝛾 on the charge 
density would have been expected, as the rate constant for FÖRSTER energy transfer 
depends with 1/𝑟6 on the distance 𝑟 between the donor exciton and acceptor charge (see 
also chapter 2)  
Interestingly, at low charge densities the simple diffusion controlled model had to be 
severely corrected, while at high charge densities the correction factor does not play a 
role. This dependence can be understood by considering the average charge-exciton 
distance 𝑅. The correction factor depends quadratically on 𝑅 while the bimolecular rate 
 
Figure 4.12: The same that was said for the dynamic PLEM measurements also counts in the static case. While a pure 
diffusion limited model (green line) does not fit to the data at low biases, the corrected model (red line) describes the 
data well.    
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constant is linear in 𝑅. Thus, for high charge densities the correction factor becomes 
much larger than the linear component 𝛾 and the correction is too fast to be observed on 
the timescales of the PL measurements performed in this thesis. In other words, at high 
charge concentrations only those excitons located very closely to a charge possess a 
higher interaction chance than the average exciton. 
4.4 Static Modulation and Space-Charge Thickness 
From the time-dependent expression of the PLEM 𝜂(𝑡) we can also infer the static 
modulation 𝜂. To account for the vanishing dynamics of 𝜂 in the steady-state, one has to 
conduct a Taylor-series expansion of equation 5.21 around the intrinsic lifetime 𝜏0 of the 
excitons: 
 𝜂|𝜏0 = 𝑓 ∙ [1 − 𝛼 exp(−𝛾[𝑄]𝑡)]𝜏0 =⏟
𝑠𝑡.
𝑓 ∙ (1 − 𝛼 exp(−𝛾[𝑄]𝜏0)) (4.26) 
Here, the second equality holds, since in the steady-state 𝑑𝜂/𝑑𝑡 = 0 . The symbols have 
the same meanings as in the previous sections. With the series-definition of the 
exponential function we get: 
 𝜂 = 𝑓 ∙ (1 −
𝛼
exp(𝛾[𝑄]𝜏0)
) ≈ 𝑓 ∙ (1 −
𝛼
1 + 𝛾[𝑄]𝜏0
) =⏟
𝛼=1
𝑓 ∙ (
𝛾[𝑄]𝜏0
1 + 𝛾[𝑄]𝜏0
) (4.27) 
All terms above which are linear in 𝜏0 are neglected as one can assume
33 that: 𝜏0
−1 =
𝑘 ≫ 𝛾[𝑄]. For 𝛼 = 1, thus without reduction of the initial amount of excitons, this result 
corresponds exactly to the well-known STERN-VOLMER equation in case of fractional 
accessibly of the excited molecules to quenchers (Lakowicz 2010). When the charge 
density increases  𝜂 converges again to the upper bound 𝑓, given by the thickness of the 
accumulation layer.  
                                                 
33 If 𝑘 ≪ 𝛾[𝑄] would be applicable, no radiative recombination of excitons would be possible. 
 
Figure 4.13:  The static PLEM signal saturates for high biases since only excitons at the S/I-interface are subject to 
quenching (a). For the upper bounds of the static PLEM measurements, the thickness of the space-charge in a PTCDI-
C13 MIS structure was obtained (b). 
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Indeed, an acceptable description of the observed static electro-modulation is observed 
by fitting the data with this model (figure 4.12, green line). The most significant deviation 
between this model and the measured data exists at low charge-densities (low 𝑉𝐺). This is 
particularly obvious at the transition from a rapid increasing EM signal to a saturated 
signal. One can suspect that the same corrections made to the time-dependent model, 
might also improve the agreement of the steady-state model with the data. If the 
corrections discussed in section 4.3.4 are applied to the model for the steady-state PLEM, 
it reads: 
 𝜂 =
∆𝑃𝐿𝑡𝑜𝑡
𝑃𝐿0,𝑡𝑜𝑡
 = 𝑓 ∙ (1 −
𝑒−[𝑄(𝑉)]
̅̅ ̅̅ ̅̅ ̅̅ ̅∙𝑆
(𝛾𝜏0 + 2𝑏𝜏01 2
⁄ )[𝑄]
) (4.28) 
Here the important correction is the presence of an additional exponential dependence of 
𝜂 on the charge-density, as it was introduced to describe the amplitude quenching. The 
second correction factor 2𝑏𝜏0
1 2⁄  in the denominator does not qualitatively change the 
dependence of 𝜂 on 𝑉. With this additional correction factor, the  model II (figure 4.13, 
red-line) describes the data considerably better than the uncorrected model I. The correct 
description of the measured steady-state PLEM-signal by model II, again corrobororates 
the use of the model presented here for describing  photoluminescence electro-modulation 
in MIS devices.  
 Figure 4.13 a), shows the steady state PLEM for PTCDI-C13 devices with different 
semiconductor thicknesses. The data from all five devices was fitted simultaneously by 
model II. Interestingly, only the parameter 𝑓 varied between the devices. As f is 
correlated to the fraction of the semiconductor layer populated by charges, it can be 
utilized to determine the actual space-charge layer thickness. Figure 4.13 b) shows the 
 
Figure 4.14:  The same photo-physical model developed for PTCDI-C13 can also be used to describe the static PLEM 
data of a T4dim MIS structure. 
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reciprocal dependence of f on the semiconductor thickness dsemi. Assuming a sharp transit 
from accumulation layer to the bulk material, the charge accumulation layer thickness h 
can be derived by fitting f = h/dsemi. For the PTCDI-C13 -based devices used here, a 
thickness of h = 4.5 nm was extracted. As TATEMICHI ET AL. determined a height of 2.5 
nm for a PTCDI-C13 monolayer (Tatemichi 2006), the accumulation layer corresponds 
roughly to two monolayers of molecules. This value agrees extremely well with the 
typical accumulation layer thicknesses of 2-3 monolayers reported in literature for OFETs 
(Shehu 2010; Dinelli 2004) which was measured with non-optical techniques. 
Equation 4.28 can as well be used to describe the static PLEM measured for T4dim 
(Figure 4.14). Due to the less amount of available data, the agreement between model and 
data is not as explicit as for PTCDI-C13. However, a general accordance is given. This 
confirms that the description of the electro-modulation of fluorescence in MIS devices 
based on exciton-charge interaction is applicable independently of the specific 
semiconductor used, provided that all other possible sources for quenching can be 
neglected. The latter should generally hold for small molecules that do not support intra-
molecular transfer of excitation energy. The limit of this description might be reached for 
complex molecules, like metal-organic complexes, and for highly doped or compound 
semiconductors. For these materials exciton-dissociation at internal hetero-interfaces can 
be a significant source of fluorescence electro-modulation (e.g. Jan Kalinowski et al., 
2005; Jan Kalinowski, Cocchi, & Virgili, 2007). 
4.5 Summary and Conclusions 
This was dealing with the investigation of the sources of photoluminescence electro-
modulation in organic semiconductors in metal-insulator-semiconductor structures. This 
investigation is fundamental as exciton quenching can be an important loss factor in 
organic light-emitting field-effect transistors and no conclusive studies on this topic were 
present in literature at the time this thesis was written.  
In this chapter, the static PLEM at different applied voltages, as well as the PLEM 
dynamics were measured. On the basis of these measurements and supported by a semi-
analytical model of the charge density in MIS structures, the possible mechanisms for 
photoluminescence modulation were discussed. As a result the quenching of excitons by 
the electric-field, i.e. exciton dissociation and STARK-effect, could be excluded. 
Consequently, it was concluded that exciton-charge interaction is the most likely source 
of the observed PLEM signal. This finding is in line with a recent publication of HANSEN 
ET AL., who concluded that exciton-charge interaction to be the exclusive source of 
photoluminescence modulation in MIS devices (Hansen 2013).   
Based on a second order rate constant for the diffusion limited interaction of excitons 
with charges, a model was developed that describes both, the dynamic as well as the static 
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data. In the steady-state, it resembles the well-known STERN-VOLMER equation in case of 
a fractional accessibility of excited molecules to quenchers. In this case only excitons at 
the interface can interact with a charge and be quenched, while those in the bulk are 
undisturbed by the applied voltage. Consequently, the electro-modulation saturated with 
charge-density as well as with time.  
In the PLEM dynamics, rate- as well as amplitude quenching was observed. For a 
correct description of the rate quenching, in particular at low charge densities, a time 
dependent factor had to be added to the bi-molecular rate constant for charge-exciton 
interaction. It describes the influence of the initial distribution of exciton-charge 
distances. Moreover, to correctly describe the amplitude-quenching a charge density 
dependent immediate quenching probability was defined. This second correction was also 
necessary to better refine the dependence of the static PLEM on the applied bias. It was 
shown that the description developed for the static PLEM can be used to extract the space 
charge thickness of the MIS structure. 
In conclusion this chapter presented the first in-depth investigation on the 
photoluminescence electro-modulation in MIS structures. These results are expected to 
have an impact on the development of next OLET architecture capable of high-efficiency 
opto-electronic performances. . 
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4 Photoluminescence Electro-Modulation Microscopy 
A transistor (form transfer resistor) is an electronic building block that can amplify, 
control and generate signals. Transistors based on inorganic semiconductors, in particular 
on silicon, were first created in the 1947 by Shockley, Bardeen, and Brattain. Their 
invention was one of the most influential scientific achievements during the 20th century. 
Because of tremendous importance of  inorganic transistor, a considerable amount of 
research has been invested into uncovering the details of their device physics and the 
underlying working mechanisms are now well understood (Sze 2007). Research on 
organic field-effect transistors (OFETs) on the other hand is still in its infancy and 
appropriate standard tools for their investigation are still being developed. 
Most studies that deal with the characterization of organic field-effect transistors 
approximate the electrical behavior of the OFET with a simple thin-film transistor model 
introduced in 1962 (Horowitz 1998). The microscopic charge transport mechanism in 
organic semiconductors is however distinctly different from the transport in inorganic 
devices. More specifically, charge transport in organic semiconductors involves the 
thermally activated “hopping” of charges between molecules, instead of delocalized band 
transport of traditional semiconductors. Due to this local variations in the organic thin-
film layer have a large influence on electrical behavior of the transistor. On the same 
time, technically relevant organic transistors are based on polycrystalline thin-films, 
which have an intrinsically higher degree of disorder than the single-crystalline inorganic 
devices. Organic semiconductors thus cannot be characterized as homogenous material 
and the classical transistor models, based on the homogeneity of the materials, only very 
roughly reflect the true electrical processes in the device. Hence, for the further 
optimization of OFETs, reliable information about the local electrostatic parameters, e.g. 
charge density, potential, electric field etc., are necessary.  
This chapter will discuss the newly developed concept of photoluminescence electro-
modulation (PLEM) microscopy as a means to record the charge density distribution in an 
operating OFET. The first section of this chapter will shortly introduce different existing 
techniques developed to elucidate the correlation between morphology and device 
properties. We will see that all existing techniques have a set of serious disadvantages, 
which is the reason why no “standard technology” has emerged so far. Consequently, 
section two discussed the implementation of a PLEM-microscope set-up in detail. The 
aim of this section is to provide a deeper understanding of the experimental capabilities 
and limitation of the PLEM-microscope and, in principle, allow the reader to reproduce 
the experiment. Finally, the third section demonstrates several experiments on OFETs 
employing this novel technique.  
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4.1 Overview of Existing Electro-Modulation Techniques 
Several techniques have been developed in the past to achieve a direct spatial mapping 
of electrostatic features in organic devices on a micro- and nanometer scale. Of these, 
Scanning Kelvin-Probe Microscopy (SKPM) for the mapping of local electrical 
potential is certainly the most advanced (Mathijssen 2007; Charrier 2008; Nichols 2003). 
As SKPM is a cantilever based mechanical scanning probe technique, it can in principle 
determine the potential distribution on a nanometer scale and directly assign fluctuations 
to morphological features (Palermo 2006). On the other hand SPKM is restricted to the 
surface of an uncapped film. Thus SKPM does not give direct access to the buried 
interface between semiconductor and insulator, where the relevant physical processes for 
transistors take place. Moreover, it cannot access areas beneath an electrode and it can 
only determine the morphology of the electrically active region of OFETs for very thin 
films. This renders SKPM particularly useless in multilayered devices. 
Several alternative approaches to SKPM rely on optical instead of mechanical scanning 
probe microscopy (SPM). Optical probes avoid many of the disadvantages of 
mechanical SPM. In particular, optical probes can penetrate into the organic 
semiconductor and measure buried interfaces. Also a separate measurement of the 
processes in individual layers of a multilayered device is possible, if the optical properties 
of the layers differ sufficiently. Moreover, using different optical effects allows the 
determination of several different parameters. The resolution of optical microscopy is 
however somewhat less as that of SPM, since it is limited by optical diffraction.  
Optical microscopy techniques can be divided into localized measurements, which 
measure the optical properties of a material in a very small spot, and mapping techniques, 
which create a 2D-image of the sample-response. For example, the localized investigation 
of steady-state and transient photoluminescence (Loi 2003)  belong to the former group of 
techniques. The will not be discussed in the context of this thesis.    
The most establish optical mapping technique is electric-field enhanced second 
harmonic generation (EFSHG), has it has been particularly fostered by MANAKA et al. 
(Manaka 2007; Manaka 2004). This technique makes use of the fact that an external 
electric field applied to a molecule or a molecular crystal allows so called “second-
harmonic generation” (SHG) of optical electromagnetic waves. Without electric field, 
most organic semiconductors are symmetric to inversion towards the center of the crystal 
Brillouin zone. Second order non-linear optical effects are forbidden under these 
circumstances. However an external electric field can lift the inversion symmetry of the 
electronic wavefunctions. Thus if one directs a laser-beam at locations in an organic 
device where high electric fields are present, one can observe the generation of light with 
the double frequency relative to the original beam. By mapping the SHG signal using a 
microscope, one can obtain a two-dimensional image of the electric field distribution in a 
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device. This technique has been successfully used to study the electric fields in organic 
diodes (Manaka 2009) and transistors (Manaka 2006; E. Lim 2009), charge trapping at 
interfaces (Tanaka 2011) and charge injection (E. Lim 2007). An advantage of this 
technique is that it works on all types of materials that have inversion symmetry. The 
main disadvantage is the low intensity of the second harmonic signal, practically limiting 
the obtainable resolution. Moreover, this technique is limited to the observation of electric 
fields.                 
Two alternative optical mapping techniques to study OFETs are electro-absorption 
and electro-reflectance microscopy. Both techniques have their own difficulties and 
advantages and both are somewhat less frequently used than EFSHG. Electro-absorption 
spectroscopy is the direct measurement of the polaron absorption features in a device 
under bias (Sciascia 2011; Manaka 2011). Using a scanning microscope the intensity of 
the absorption can be mapped to the position in the device. This method ideally gives a 
direct image of the charge distribution in the device. It has been used to investigate 
vertical diode structures (Sciascia 2011) and OFETs (Manaka 2011). Confocal electro-
reflectance microscopy was recently developed by CELEBRANO et al. (Celebrano 2009). It 
exploits spectral changes in the absorption of the semiconductor due to the STARK-effect.    
Both techniques have the disadvantages that they require extensive prior knowledge 
about the spectroscopic properties of the investigated semiconductor. In case of electro-
absorption microscopy the polaron absorption-bands need to be identified 
unambiguously.  This can be tricky as also other electro-optical effects can cause the 
emergence of additional bands in the absorption spectrum of the device under bias. An 
example would be the appearance of a previously forbidden transition caused by the 
STARK-effect. The external electric field might change the symmetry of electron-
wavefunction in a way that symmetry forbidden transitions become allowed (Orrit 1992). 
Conversely, for electro-reflectance microscopy the modifications in the spectrum due to 
the STARK-effect have to be identified. The validity of both methods is seriously doubted 
if polaronic and excitonic features (partly) overlap. In this case both effects cannot be 
distinguished.  
The idea behind PLEM-microscopy is mapping the local charge density distribution 
using the modulation of the photoluminescence in an operating OFET (figure 5.1). As 
was discussed in the previous chapter, the PLEM observed in organic field-effect devices 
depends on the amount of accumulated charges. PLEM-microscopy uses a laser scanning 
microscope to map the changes in the PL of the semiconducting layer, when a modulated 
voltage is applied to the device. Form the resulting images the charge distribution in the 
OFET can then be deduced. This technique has the advantage that it can be implemented 
using a commercially available confocal microscope, which are usually optimized for 
fluorescence detection. Moreover, the only prerequisite for the semiconductor is that it 
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has to be a fluorescent material, which in turn is the case for the majority organic 
semiconductors. Also, the high intensity of the PLEM signal allows using the full 
resolution of a confocal microscope, which is not the case for e.g. EFSHG or electro-
reflectance. Finally, PLEM-microscopy has the same advantages with regard to 
sensitivity to buried interfaces and detection in multi-layered structures as the other 
optical mapping techniques discussed in this section. 
4.2 Implementation of Luminescence Electro-Modulation Microscopy 
When realizing a PLEM-microscope several issues have to be addressed. To begin with, 
the resolution of the microscope has to be high enough to resolve spatial features of the 
device and the material. As the features are frequently in the range of some micrometers, 
a resolution in the sub-micrometer range is desirable. This quite severe requirement can 
be fulfilled by a confocal laser microscope. In this type of microscope a laser is scanned 
across the sample and the response is detected by a point detector. In this way a resolving 
feature in the range of 200 nm in the visible spectrum is theoretically possible. To realize 
this resolution, the excitation spot should be as small as possible. This is the case if the 
laser beam reproduces a pure Gaussian intensity distribution. In the setup discussed here 
the shape of the beam is guaranteed through cleaning the beam with a spatial filter, prior 
to entering the microscope. Also the intensity of the beam must be carefully chosen. 
 
Figure 5.1: Principle of PLEM microscope. A laser is scanned across the OFET, while a (modulated) bias is applied to 
the device. The PL is collected from the excitation side and separated from laser-reflections by a dichroic mirror. The 
PLEM signal is obtained by comparing the resulting PL intensity images with and without a bias applied to the gate of 
the OFET. 
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While high intensities enhance the signal to noise ratio the excitation beam should be 
sufficiently low to prevent photo-bleaching, exciton-exciton quenching and unintentional 
damaging of the material. 
Furthermore one has to keep in mind that in PLEM measurements not the absolute 
photoluminescence intensity is the desired measurement signal, but the differential 
intensity between the PL with and without applied bias. In the preceding chapter PLEM 
signals below 1% of the original signal were observed. For the implementation of the 
PLEM-microscope, this has two consequences. First the dynamic range of the detector 
and the digitalization has to be sufficient to resolve the small difference in the PL signal. 
If the dynamic range is too small, the difference will just be averaged out by the detector. 
For the A/D converter this means that the digitalization has to be above 10 bit to resolve a 
signal difference of 0.1%. Moreover, as a detector a PMT with a very step input/output 
rate was chosen.  
Second, background noise has the same intensity range as the desired signal. This 
problem can be tackled by employing a lock-in measurement scheme, which is also useful 
to reduce the influence of permanent charge accumulation as well as permanent 
polarization in the device. As in macroscopic PLEM-measurements the modulation is 
generated by applying a modulated bias to the device. Differently from these 
measurements however, the modulation signal has to be synchronized to the scanning of 
laser beam. In this thesis an advanced modulation scheme is introduced in which the lock-
in effect is achieved by modulating the individual images and averaging over many 
images.  
The electro-modulation microscope was build around a commercial confocal scanning-
head Nikon EZ-1 coupled to an inverted Nikon TE2000 optical microscope. As excitation 
sources three fixed wavelength cw-laser as well as a tunable Ti:Sapphire femtosecond 
oscillator were available. The electric modulation bias was generated by a National 
Instruments DAQ, amplified by a fix amplification low-noise laboratory amplifier. The 
DAQ was moreover used to record the luminescence signal collected by an external 
Hamamatsu R928 PMT. To minimize stray-light, the PMT was connected by a fiber to 
the confocal scanning head. During the PLEM measurements only the intensity of the 
luminescence signal was recorded.  
4.2.1 Confocal Microscopy 
A Microscope is a scientific instrument that allows the observation of minute features of 
specimen through magnification. However, pure magnification is only one side of the 
story. The other question is to what extend individual features of the sample still can be 
distinguished after the projection. The resolution the instrument is at least as important as 
its magnification capability. The theoretical obtainable resolution of an optical 
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microscope is limited by diffraction, caused by the finite spatial extend of the imaging 
system. In this section the obtainable resolution of a microscope will be discussed briefly 
and it will be demonstrated how the diffraction limit can be extended by confocal 
arrangement of the illuminating and the collecting lens. For a detailed discussion of all 
aspects of confocal microscopy the reader is therefore referred to the work edited by T. 
WILLSON (Wilson 1990), who’s explanations the author will roughly follow in the 
following section.    
A basic model of image formation can be developed by thinking of the object-plane as 
being build up of single points. Its mathematical analogy, the object-plane field, is then 
expressed as the weighted sum over DIRAC delta- or impulse functions, representing the 
individual points. As in linear optics the imaging of one point does not influence the 
imaging of another, the image-plane field is formed by the weighted sum over the images 
of the individual impulse functions. The image of a single point is called the Pulse-
Spread-Function (PSF) as it describes the spreading of object points in the image plane. 
The overall output image is then obtained as a convolution of the object-plane field with 
the PSF: 
 𝐼𝑚𝑎𝑔𝑒 = 𝑃𝑆𝐹 ⊛𝑂𝑏𝑗𝑒𝑐𝑡 (5.1) 
The resolution of an imaging system is the minimal distance between two object-points 
for which the corresponding images are distinguishable and therefore determined by the 
PSF. For generic optical systems, the image is distorted by optical aberrations, which 
dominate the PSF. However, also in absence of these imperfections a perfect point-source 
imaged by an optical element will not reproduce the original point, but rather result in a 
two-dimensional diffraction pattern. This pattern is a result of the limited aperture of the 
projecting optical element.  
 
Figure 5.2: The convolution of the real object with point-spread-function (PSF) of the microscope optical system 
determines the resolution of the system. (Image  public domain - Wikipedia.org (Wikipedia 2007)) 
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Diffraction effects are most conveniently dealt with using FOURIER-optics, which 
considers the Fourier transform of the optical system. In this picture the object plane is 
characterized by spatial frequencies. Large features have a low frequency while small 
features have a high frequency. Optical elements, possessing a limited aperture, then act 
as spatial low-pass filters, effectively blocking the high frequency content in the image. 
As further advantage the FOURIER-transformation simplifies the handling of the 
convolution in equation 5.1. A convolution of two functions has the helpful property that 
its FOURIER-transform simply equals the product of the FOURIER-Transform of the 
individual functions. The convolution in equation 5.1Fehler! Verweisquelle konnte 
nicht gefunden werden. therefore transforms to: 
 ℱ(𝐼𝑚𝑔(𝑥, 𝑦)) = ℱ(𝑃𝑆𝐹) ∙ ℱ(𝑂(𝑥, 𝑦)) = 𝑃(𝑥, 𝑦) ∙ ℱ(𝑂(𝑥, 𝑦)) (5.2) 
In the rightmost term P(x,y) describes the pupil-function, which is nothing else than the 
aperture of the imaging system. The Fourier-transform of a single point expressed by a 
Dirac delta-function 𝑂(𝑥, 𝑦) = 𝛿(𝑥, 𝑦) equals 1. Hence, the image of a point source can 
be derived as the FOURIER-transform of the pupil-function. For a circular aperture the 
transform yields the familiar Airy-function, consisting of a point-like maximum 
surrounded by a series of concentric bright rings: 
 
𝐼𝑚𝑔(𝑥, 𝑦) =
𝐽1(𝑘𝑟 ∙ 𝑠𝑖𝑛𝜃)
𝑘𝑟 ∙ 𝑠𝑖𝑛𝜃
 
(5.3) 
Here J1 is the first order Bessel function, k is the spatial frequency of the object, r is the 
radius of the aperture and θ is the collection angle.  
The resolution of a conventional microscopy is fully determined by its objective lens. 
In the absence of aberrations, the condensing lens has no influence on the resolution of 
 
Figure 5.3 : Confocal arrangement of lenses. Light emitted by a point-like excitation source is focused on a sample and 
subsequently collected by a point detector (yellow lines). The point-like character of source and detector guarantees the 
rejection of out-of-focus fractions (red lines). The confocal arrangement of the excitation (L1) and collection (L2) 
lenses guarantees maximum collection of “useful” light.  
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the system (Schaefer 2004). The microscope therefore can be treated in first 
approximation as one lens system and its resolution is given by the PSF of the objective 
lens. Using equation 5.2, the intensity distribution on the image plane for imaging a single 
point yields: 
 
𝐼 = |𝑃𝑆𝐹(𝑥1, 𝑦1)|
2 = |
𝐽1(𝑘𝑟 ∙ 𝑠𝑖𝑛𝜃)
𝑘𝑟 ∙ 𝑠𝑖𝑛𝜃
|
2
 
(5.4) 
The prevalent definition of resolution according to RAYLEIGH is that two point are 
resolved if the first minimum of one point image coincides with the principal diffraction 
maximum of the next. As the first minimum for J1(x) is at x ≈ 0.38, an angular resolution 
may be defined as 𝑠𝑖𝑛 (𝜃) = 3.83/𝑘𝑟 = 3.83𝜆/2𝜋𝑟 = 1.22𝜆/𝑑. In case of a single lens, 
the angular resolution can be converted into a spatial resolution by multiplying it by its 
focal length f. This finally yields the RAYLEIGH-criterion for the fundamental limit of the 
resolution obtainable by an optical microscope: 
 
𝑟 = 1.22
𝜆𝑓
𝑑
= 1.22
𝜆
𝑁𝐴
 
(5.5) 
Here, the numerical aperture: 𝑁𝐴 = 𝑛 ∙ 𝑠𝑖𝑛(𝜃) ≈ 𝑓/𝑑 includes the effect of the index 
of refraction n of the medium between object and lens. A drawback of this definition of 
resolution is that it only applies for the imaging of a point source through a single circular 
aperture. To compare the resolution of different types of microscopes, a more general 
formulation of resolution is necessary. The most common definition is based on the 
contrast of the image. It states that two features are considered to be resolved if the 
minimum intensity between them is 73.5% of the intensity of the individual features 
(Wilson 1990). For the circular aperture discussed earlier the resolution according to this 
definition exactly corresponds to the resolution defined by the Rayleigh criterion.   
The resolution of an optical microscope can be increased by a so called confocal 
arrangement of the illuminating and the collecting lens (figure 5.2). In this arrangement, 
the first lens focuses the illumination on a small spot on the sample. The second lens 
subsequently images the illuminated spot onto a point-like detector. The small extend of 
the detector ensures that only the spot in the focus of the collecting lens is detected and all 
out-of-focus parts are blocked. If the size of the illuminated spot generated by the 
illuminating lens is similar to the focus area of the collecting lens, the resolution of the 
resulting image is determined by the PSF of both lenses. The intensity distribution on the 
image plane is then given by the convolution:    
 𝐼 = |𝑃𝑆𝐹𝐼𝑙𝑙⊛𝑃𝑆𝐹𝐶𝑜𝑙⊛𝑂𝑏𝑗𝑒𝑐𝑡|
2 = |𝑃𝑆𝐹2⊛𝑂𝑏𝑗𝑒𝑐𝑡|2 (5.6) 
The second equality follows, if both PSFs describe the projection of a point source by the 
same objective lens. In other word the objective is used for illumination and collection on 
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the same time. As the object is a point, the projected intensity becomes: 𝐼 = |𝑃𝑆𝐹2|2 . 
With the PSF for a point source and observed through a circular aperture: 
 
𝐼 = |
𝐽1(𝑘𝑟 ∙ 𝑠𝑖𝑛𝜃)
𝑘𝑟 ∙ 𝑠𝑖𝑛𝜃
|
4
 
(5.7) 
This function has the same minimum annulus as the intensity distribution in a 
conventional microscope. However, its slope is much steeper. Now the superiority of the 
contrast definition of resolution becomes obvious. Applying the 73.5% criterion for 
resolution results in: 
 
𝑟 = 0.37
𝜆
𝑁𝐴
 
(5.8) 
The resolution of a confocal microscope is thus slightly increased by a factor 1/√2 
compared to a conventional optical microscope. More important than this increase in 
theoretically obtainable resolution is that with a confocal microscope the diffraction limit 
is indeed achieved. This is a result of the lower requirements for the aberration free 
imaging of one point compared to the simultaneous imaging of the entire object-plane.  
For fluorescence microscopy, the wavelength of the illuminating light is different from 
that of the collected light. In this case the PSF has to be replaced by an effective PSF, 
given by: 𝑃𝑆𝐹 = 𝑃𝑆𝐹𝑖𝑙𝑙(𝑥, 𝑦) + 𝑃𝑆𝐹𝑐𝑜𝑙𝑙(𝑥/𝛽, 𝑦/𝛽), where 𝛽 =  𝜆𝑖𝑙𝑙/𝜆𝑐𝑜𝑙𝑙. The intensity 
distribution in this case becomes: 
 
𝐼 = |4 ∙
𝐽1(𝑘𝑟 ∙ 𝑠𝑖𝑛𝜃)
𝑘𝑟 ∙ 𝑠𝑖𝑛𝜃
∙
𝐽1(𝑘𝑟/𝛽 ∙ 𝑠𝑖𝑛𝜃)
𝑘𝑟/𝛽 ∙ 𝑠𝑖𝑛𝜃
|
2
 
(5.9) 
 
Figure 5.4: Scanning head of the confocal microscope. Galvanic mirrors scan a laser beam across the sample and 
collect the returning photoluminescence from the same spot. A dichroic-mirror separates the photoluminescence form 
the reflected laser beam and directs the light onto a pinhole. The focusing of the laser beam guarantees the point 
character of the excitation, the pinhole the point character of the detector (Image adapted with permission form 
(Toffanin 2009)). 
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For β = 1 this equals the expression for the maximal resolution of a confocal with same 
wavelength. The maximal obtainable resolution for a fluorescence microscope is thus 
somewhat lower than for a scattering based microscope with the same illumination and 
observation wavelengths. 
The PLEM-microscope was based on a Nikon EZ-C1 confocal scanning-head 
connected to a home-build external detector. The Nikon confocal head employs on a 
scanning mirror design. That is, a movable piezo-mirror scans a laser beam across the 
sample (figure 5.4). Compared to the sample scanning design, in which the sample is 
scanned relative to a fixed laser beam, this approach has the advantage of a faster 
scanning speed, which is necessary to implement the lock-in scanning microscope scheme 
that will be discussed in section 5.2.3. Moreover, the high scanning speed reduced the 
thermal stress in the sample. The confocal scanning head in principle allowed selecting 
different pinhole sizes. All electro-modulation measurements were performed with the 
(L) 150 µm diameter pinhole. A dichroic-mirror was used to separate the fluorescence 
signal form the scattered laser beam. As the filter effect of this mirror was not enough to 
entirely suppress the scattered light a further filter was added in front of the detector. 
4.2.2 Excitation Sources 
Unwanted scattering of the exciting laser posed a serious source of error for these 
measurements. On one hand, the scattered light itself presents a veritable background 
noise or even a wrong signal. A colored glass filter in front of the detector is supposed to 
filter the scattered excitation; this however only fully works for low scattered light with a 
low intensity. On the other hand, laser scattering induces temperature gradients in the 
sample falsifying the measurement results. For this reason the tunable Ti:Sapphire fs-
oscillator (Spectra Physics Tsunami) was used as excitation source, instead of the 
standard single-wavelength cw-lasers of the confocal microscope. The oscillator cavity 
was tuned to deliver a laser beam corresponding to the absorption maximum of the 
investigated molecules. This maximizes the ratio of absorbed to scattered light and 
allowed using the lowest laser intensity possible. Moreover the femtosecond pulsing 
reduced the heating of the sample, as heat induced by one pulse can efficiently dissipate 
before the next pulse arrives.  
The intensity of the beam could be regulated by a Glan-Laser prism that acts as a 
polarization depended beam splitter. Thus, it splits the beam into two fractions polarized 
parallel to its principle optical axis. If now the optical axes of the crystal are rotated 
against the polarization of the laser beam, only the fraction of the original beam parallel 
to the optical axis passes. In this way the laser intensity can be continuously modified by 
rotation the prism.  
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To obtain the maximum imaging resolution the excitation source should correspond to 
an ideal point source as much as possible, given the constraints of the physical world. For 
a laser this is the case if the laser beam is purely in the TEM00-mode - that is the intensity 
profile should reproduce a two-dimensional Gaussian distribution with its maximum 
located in the center of the beam. In principle the beam extracted from a well aligned 
oscillator should already fulfill this condition without any further beam-shaping optics. 
However during its propagation the laser beam intensity-profile is distorted by scattering 
by optical defects and particles in the air. For this reason the beam was cleaned by a 
spatial filter before entering the scanning head. 
As discussed in the section 5.2.1 limiting the aperture of an optical system filters modes 
with a high spatial frequency. This can be achieved by focusing the beam with a radius a 
by an objective with focal-length F onto a small pinhole. In the case of a laser beam, the 
central maximum is TEM00
34
 mode, with a long spatial wavelength, while the rapidly 
varying noise signal is located in the annulus of the radius Fλ/dn, where dn is the spatial 
wavelength of the noise. By locating a small pinhole on the focal point of the objective, 
the noise is effectively blocked, leaving the pure Gaussian beam only. The intensity-
fraction that is passed through the filter with a pinhole of diameter D is: 
 𝐼𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑
𝐼𝑢𝑛𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑
= 1 − 𝑒−
1
2(
𝜋𝑎𝐷
𝜆𝐹
)
2
 
(5.10) 
The pinhole was adapted to the laser in a way that 99.3% of the original intensity is 
passed and fractions with a spatial wavelength smaller than 2a, the diameter of the 
original beam, are blocked. From equation 5.10 the optimal pinhole diameter matching 
these conditions can be approximated by: 
 
𝐷𝑜𝑝𝑡𝑖𝑚𝑎𝑙 =
𝐹𝜆
𝑎
 
(5.11) 
Before measuring, the beam profile and intensity were check on several spots in the beam 
path to ensure optimal conditions. For a the laser at 488 nm, as used in most experiments, 
a beam diameter of 2 mm and focusing objective with a focal length of 1.5 cm, a pinhole 
of 5 µm was used.     
4.2.3 Lock-In Scanning Microscope - Principle 
The main challenge for implementing a high-resolution PLEM-microscope is setting-up 
a suitable lock-in detection scheme. This becomes necessary for two reasons: First, 
electro-modulation measures small differential signals, which can easily degrade due to 
excessive measurement noise (e.g. electrical or thermal noise or stray light). Second, 
prolonged application of a DC-bias to a transistor results in the unwanted “charging” of 
                                                 
34 TEM = Transversal Electromagnetic 00 mode.  
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the device. Consequently, in this case the measurement would mainly depend on the 
measurement time, rather than the physical effect one wants to investigate. For 
microscopic measurements the use of a lock-in becomes even more important, as the total 
signal intensity is even lower.  
A lock-in measurement scheme immediately generates and amplifies only the desired 
differential PL signal, which only has to be normalized in order to obtain the electro-
modulation-signal. This approach thus reduces the number of necessary post-processing 
steps by one and considerably reduces the recorded data volume (see also section 5.2.4). 
Moreover, the effect of a slowly varying background-signal like charging is rejected by 
the lock-in scheme.    
For applying a traditional lock-in scheme to an imaging system, one would in principle 
need one lock-in amplifier per pixel. This problem is frequently solved by taking 
advantage of the scanning character of a confocal microscope and implementing a lock-in 
on a “pixel-by-pixel” approach (Celebrano 2009; Sciascia 2011). The integration time per 
pixel is determined by the time-constant of the lock-in amplifier. For low frequencies of 
the reference signal, as needed for electro-modulation measurements on OFET, this can 
lead to very long dwell times on a small amount of material. While this might be 
negligible for electro-reflectance and charge-modulation measurements, it leads to photo-
bleaching and permanent material-damages when exciting in high absorption regions as 
necessary for PLEM-micorscopy.  
To cope with this problem a different lock-in scheme was developed for this work. 
Instead of dwelling on one pixel for many periods of the reference signal and then 
moving to the next pixel, the beam was continuously scanned across the sample. In this 
way the dwell-time per pixel is in the order of several micro-seconds, only. Of course in 
this short time period, no sufficient time-averaging is possible. In fact, with a typical 
 
Figure 5.5: Principle of lock-in scanning microscope (a): The externally applied bias waveform is synchronized to the 
scanning of a line. Between the images an increasing phase 𝝋𝒏 is added to the waveform. In this way the electric-field 
varies periodically for every pixel. The typical lock-in modulation image obtained after one scan shows the periodic 
modulation of the PL due to the varying electric field (b).  
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frequency of the modulation signal around 200 Hz, the duration of period is 5 ms – by far 
longer than the pixel dwell. The modulation-signal was therefore synchronized to the line 
scans instead of the individual pixels. The principle is demonstrated in figure 5.5. The 
scanning of the laser beam in x-direction and the modulation signal are synchronized in 
such a way that the modulation of every line is identical and no variation arises in y-
direction. A typical modulated image is shown in figure 5.5b. To achieve the lock-in 
effect a stack of images has to be taken. Between the images of the stack, the modulation 
signal is shifted by a small phase angle φ. If now φ corresponds to a shift of one pixel, the 
intensity varies with the same frequency in z-direction (across the images) as it does in x-
direction (in one line). In mathematical terms the modulation voltage is: 
 𝑉 = 𝑉0 sin(𝜔𝑥𝑥 + 𝜑(𝑧)) + 𝑉𝐷𝐶 = 𝑉0 sin(𝜔(𝑥 + 𝑧)) + 𝑉𝐷𝐶 (5.12) 
Here 𝜔 = 𝜔𝑥 is the modulation frequency in x-direction and 𝜑(𝑧) = 𝜔𝑧 the total phase 
shift for the zth image. 𝑉0 is the amplitude of the modulation AC-bias. 𝑉𝐷𝐶 = 𝑉0/2 is an 
additional DC-component added to the modulation bias to ensure a modulation in one 
direction (positive or negative), only. 
The stack of images is multiplied by a reference signal and integrated in z-direction. 
Since the modulation frequencies in y- and in z- direction are coupled, the reference 
multiplication can be done line-wise. The integration is then performed by simple 
averaging over the resulting images. The number of images now determines the degree of 
out-of-frequency rejection.  
One might ask why implementing such a rather complicated scheme is necessary. 
Indeed, applying a fixed voltage for one image and subsequently changing it between 
images, seems a lot easier and would result in a modification in z-direction as well. 
However, one should consider that one of the main reasons to employ a lock-in scheme in 
the first place was to reduce the effect of charging of the transistor by a rapidly varying 
bias. If the bias is only changed after an entire image is taken, a massive amount of 
charges is accumulated in the sample influencing the PLEM signal. In particular two 
images taken after each other with the same bias do not show identical PLEM signals, 
thus abolishing the preconditions for a lock-in measurement that two measurements under 
the same conditions should have the same results. This way the scanning lock-in 
technology allows a fast electro-modulation imaging without sample degeneration. 
4.2.4 Lock-In Scanning Microscope - Implementation 
The lock-in scanning microscope was implemented as full software solution using the 
LabView programming language version 2013. A National Instruments USB-6356 data 
acquisition (DAQ) module was employed for signal generation, data acquisition and 
synchronization to the confocal scanning-head. Two analogue outputs of the DAQ 
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module provided a constant DC and a square wave AC-voltage. The AC-voltage was then 
used as modulation signal for the lock-in measurement. The phase  𝜑𝑛 of the AC 
waveform of the nth image relative to the start of a line-scan was: 
 𝜑𝑛 = 𝑛 ∙ 2𝜋/𝑁 (5.13) 
Here N is the total number of images taken. The phase-shift should be larger than the size 
of one pixel to obtain a different modulation between two successive images. After every 
line-scan the AC waveform was restarted and synchronized to the start of the next scan. 
During OFET-measurements, the AC-signal was applied to the gate electrode, such that it 
modulated the charge-density with time, while a constant bias was applied as drain-source 
voltage. A potential amplifier allowed applying voltages up to 120 V with a precision of 
nominal 30 µV.  
After passing though the confocal scanning head, the fluorescence intensity of every 
individual point was recovered by a Hamamatsu R-928 photo-multiplier-tube (PMT). The 
PMT-signal was subsequently fed into an analogue input channel of the DAQ module, 
were it was converted into a 16-bit digital signal. The PMT-bias and sensitivity of the 
DAQ input were set to use the maximum dynamic-range obtainable.  
For synchronizing the DAQ to the scanner, the position controller of the scanning 
mirror generated three digital TTL35-signals. The first channel (pixel clock) indicated a 
step in the horizontal or x-direction and the second (line trigger) a step in the vertical or 
y-direction. The third channel (image trigger) finally signalized the end of acquisition of 
an image. All three channels were recorded by the digital inputs of the DAQ and utilized 
as trigger signals for the generation of the modulation signal and for image reproduction. 
The pixel clock initiated the recording of a single pixel by a PL intensity measurement at 
the current position of the mirror. The Image was then reconstructed pixel by pixel and 
after each line-scan the line-trigger initiated new line of the digital image. 
Simultaneously, corresponding to the start of every new line the waveform generation of 
the AC signal was restarted. This was necessary as the repositioning of the mirror to scan 
a new line would otherwise have de-synchronized the AC-signal from the scanning. In 
this way the AC signal was in synch with the scanning for every line.   
The individual images with 1024 x 1024px and 16 bit grey-scale resolution have a size 
of 2 MB each. For a good measurement approximately 5000 steps are needed and at least 
5 images per step have to be stored. Thus the total amount of data per measurement 
would be in the order of 50 GB, if storing the individual images of every step. This is not 
an acceptable amount of data, even with fairly huge storage capabilities in the range of 
some TB today. To reduce the amount of data necessary, a running averaging algorithm is 
                                                 
35 TTL: Transistor-to-Transistor Logic signal. A digital signal for which a voltage < 0.8V is interpret as 
off-state and a bias >2V as on-state.  
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implemented, adding the nth image 𝐼𝑛0 to the average of all preceding images 
𝐼𝑛−1 according to: 
 
𝐼𝑛 =
1
𝑛
𝐼𝑛0 +
𝑛 − 1
𝑛
𝐼𝑛−1 
(5.14) 
Here 𝐼𝑛 is the average of 𝑛 images. The software could produce seven types of images: a 
simple average of all images up to that point, images of the X and Y signals at the first 
and second harmonics of the modulation, the PLEM signal R and the phase between the 
measured and the reference signal.  
4.3 Charge distribution in operating OFETs 
After having exhaustively discussed the details of the electro-modulation microscopy 
technique, this section introduces some practical examples of its use. PLEM-micorscopy 
was specifically designed for transistors. This technique works particularly well on these 
devices for two reasons:  
i) The charge-density in OFETs is high enough to cause measureable 
luminescence quenching. On the other hand, exciton dissociation is negligible, 
because of the low field strength in the device channel. Hence, we can 
unequivocally attribute the differences in PL intensity to interaction of excitons 
with charges (chapter 4).  
ii) In OFETs, the direction of charge transport is parallel to the substrate. This 
horizontal configuration allows a direct probing of the charge density 
distribution.  
This section uses electro-modulation microscopy in order to study the charge 
distribution in a in a simple n-type OFET, based on a single layer of PTCDI-C13. As no 
fundamentally new behavior is expected, the results can be seen as benchmark for future 
theoretical models and simulations. The experimental data and the discussion presented in 
the section are also the subject of a journal article by the author of this thesis (Koopman 
2013).  
4.3.1 Single-layer OFETs 
An OFET is based on a nanometer-thin semiconducting layer build-up of organic 
molecules. Two electrodes in direct contact with the semiconductor serve for charge 
injecting and charge collecting. Correspondingly, they are usually identified as source and 
drain electrodes, where the injecting electrode is usually denoted as “source” while the 
collecting electrode is called “drain”. A third electrode is separated from the 
semiconductor by an insulating material. This electrode allows controlling the flow of 
charges between the source and the drain electrodes and is therefore referred to as “gate” 
electrode. Carries are injected form the source due to the potential difference between this 
5 –Photoluminescence Electro-Modulation Microscopy 
- 109 - 
 
electrode and the gate. A transverse voltage drives the carriers through the channel after 
which they are subsequently collected at the second electrode. Carriers are transported at 
the semiconductor-insulator interface (S/I). 
OFETs can be realized in three different geometries, depending on the configuration of 
the electrodes relative to each other. Possible configurations are: i) bottom gate-electrode 
and top injection-contacts (bg/tc), ii) the reverse geometry with bottom injection-contacts 
and top gate-electrode (tg/bc), and iii) both the gate-electrode and the injection-contacts 
in the bottom position (bg/bc). From a fabrication point of view the last configuration is 
the most desirable, since no further steps have to be taken after the semiconductor is 
added. However, this configuration has the drawback that charge-injection takes place 
only at the sides of the injecting contacts, which usually have a thickness of several tens 
of nanometers.  
The geometry of the OFET has to be carefully chosen in order to obtain optimal 
conditions for employing electro-modulation microscopy. Generally, devices can be 
probed form their top or substrate side. As the PLEM setup was built around an inverted 
microscope, measurements from the substrate side were generally preferred. Top-side 
probing would considerably complicate the sample structure as in this case the connectors 
from the sample to the external voltage source have to be on the opposite side of the 
substrate. Moreover, in the technologically highly relevant case of top-gate/bottom-
contact transistor geometry, substrate-side probing allows investigating the 
semiconductor beneath the injecting electrodes. In order to allow substrate-side 
measurements an optically transparent glass substrate, an ITO gate-electrode and a spin-
coated 450 nm thick PMMA layer as gate dielectric were used. The active semiconductor 
was formed by a 15 nm thick layer of thermally evaporated PTCDI-C13. The growth rate 
of the film was fixed at 0.1Å/s to obtain very smooth thin-films. The injecting electrodes 
were realized by two 30 nm-thick gold contacts with a source-drain channel length of L = 
70 μm. To protect the organic layer from oxygen and water during the measurements, all 
devices were encapsulated in a nitrogen glove box.  
4.3.2 Experimental Method 
Initially, the transistors were electrically characterized using a semiconductor 
parametric analyzer (Agilent B1500). To test the proper operation of the devices, their I-
V characteristics were measured. The transfer-curve gives the current measured at the 
drain electrode versus the applied gate-voltage for a constant drain-source voltage. The 
output curve on the other hand specifies the drain-current versus the applied drain-source 
voltage for a constant gate-potential. The individual measurement points of the stair-case 
sequences were separated by 2 V. After increasing the voltage the current was allow to 
stabilize for 200ms. The integration time of the subsequent measurements was ca. 100ms. 
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Besides testing the transistor, the electrical measurements also served as a reference for 
interpreting the electro-modulation images.     
The electro-modulation images were taken from a 100 µm x 10 µm area of the transistor 
channel. In these measurements a 60x objective (Nikon Plan Fluor ELWD 60x air) and a 
pinhole with a size of 150 µm were employed. The integration time per pixel was set to 
30 µs. The images were taken at a modulation frequency of 100 Hz and as quasi DC 
images. The latter implies the successive acquisition of images with and without electric 
field. The difference between the signals divided by the image without field then gives 
the electro-modulation signal (see also chapter 5.5). At 100 Hz the phase shift was set to 
10 pixels, which results in 35 steps for one cycle. At every voltage, the image was 
averaged over 150 cycles, which equals a total of 5250 images. To monitor possible 
degeneration of the semiconductor, a normal fluorescence microscopy image was taken 
before and after the PLEM-measurement. No difference in fluorescence could be 
measured. 
The transistor was oriented in a way such that the scanning-lines of the laser were 
parallel to the length of the channel (figure 5.6a). In this way the every line represented 
the charge distribution along the channel. Figure 5.6b shows typical electro-modulation 
images and a corresponding line scan.  As the device is completely symmetric in the 
direction of its width, every line-scan in principle holds the same information.   
  
 
Figure 5.6: For the PLEM measurements the laser was scanned across the channel (a). Typical PLEM microscopy 
images show the charge distribution in different parts of device in the charge accumulation mode (b) and for active 
devices (c).  
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4.3.3 Electrical Transistor Characteristics 
In order to familiarize the reader with 
the basics of transistor operation, the first 
part of this section presents in short the 
fundamental device physics of OFETs. 
This section is based upon recent reviews 
by HOROWITZ ET  AL., as well as 
ZAUMSEIL AND SIRRINGHAUS (Zaumseil 
2007; Horowitz 1999). 
The dependence of the drain current on 
the applied drain and gate bias can be 
derived analytically using the gradual 
channel approximation. It basically states 
that the field generated by the gate, which 
is perpendicular to the current flow, is 
much stronger than the field due to the 
source-drain voltage, which is parallel to 
the current flow. This allows treating the 
charge-accumulation in the transistor-
channel analog to a MIS capacitor described in chapter 4. With the application of a bias to 
the gate electrode, charges are injected into the semiconductor and accumulate at the 
semiconductor-insulator interface (Figure 5.7 a). The charge injection per unit area dq/dA 
is then calculated as: 
 𝑑𝑞 =  −𝐶𝑖𝑉𝐺𝑑𝐴 (5.15) 
Similar to chapter 4, Ci is the capacitance per unit area and Vg the applied gate-source 
voltage. The minus sign reflects that the gate voltage is applied to the gate electrode, 
while the charge is accumulated at the opposite capacitor plate. Due to the gradual 
channel approximation, the electrical potential and the charge- density are uniform along 
the channel (but not perpendicular to it) if no drain-source bias is applied.  Applying an 
additional drain-source bias a gradient is introduced into the space charge: 
 𝑑𝑞 = −𝐶𝑖(𝑉𝐺 − 𝑉𝑇ℎ − 𝑉(𝑥))𝑊 ∙ 𝑑𝑥 (5.16) 
Here W is the width of the channel. As only mobile charges contribute to the current, the 
gate voltage is reduced by a threshold voltage Vth, accounting for deep-trapped charges. 
The drain-current is defined as the change of charge per time at the drain electrode: 
 
𝐼𝐷 =
𝑑𝑞
𝑑𝑡
=
𝑑𝑞
𝑑𝑥
𝑑𝑥
𝑑𝑡
 
(5.17) 
 
Figure 5.7: OFET operation regimes. In the accumulation 
regime (a) the charge density is uniform across the channel. 
In the linear operation regime (b), a linear charge density 
gradient form between drain and source. Finally, in the 
saturation regime, a charge depletion zone forms at the 
drain electrode (after (Zaumseil 2007)). 
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The last term on the right-hand side, the average velocity of charges, can be expressed in 
terms of the charge-mobility µ and the gradient of the local electrical potential in x-
direction: 
 
 𝑑𝑥
𝑑𝑡
= 𝑣 = −𝜇𝐸 = 𝜇
𝑑𝑉
𝑑𝑥
 
(5.18) 
This expression assumes that the mobility is independent of the gate-voltage36. The total 
drain current then results as: 
 𝐼𝐷 ∙ 𝑑𝑥 = 𝑊𝐶𝑖𝜇(𝑉𝐺 − 𝑉𝑇ℎ − 𝑉(𝑥)) ∙ 𝑑𝑉 (5.19) 
Integration of this expression from 𝑉(0) = 0 to 𝑉(𝐿) = 𝑉𝑑 yields for current at the drain-
electrode: 
 
𝐼𝐷 =
𝑊
𝐿
𝐶𝑖𝜇 (𝑉𝐺 − 𝑉𝑇ℎ −
𝑉𝐷
2
)𝑉𝐷𝑆 
(5.20) 
As long as VDS « VG, the gradient of the electrical potential in the transistor-channel, and 
consequently also of the charge density, is approximately linear (Figure 5.7 b). In this 
case the expression for ID can be simplified to:   
 
𝐼𝐷 =
𝑊
𝐿
𝐶𝑖𝜇𝑙𝑖𝑛(𝑉𝐺 − 𝑉𝑇ℎ)𝑉𝐷𝑆 
(5.21) 
The drain-current thus increases linearly with VDS and with VG.  Hence, this operating 
regime is frequently labeled as the ‘linear regime’ of the transistor. The mobility in the 
linear regime can thus be extracted from the gradient of ID versus VG with constant VD: 
 
𝜇𝑙𝑖𝑛 =
𝜕𝐼𝐷
𝜕𝑉𝐺
∙
𝐿
𝑊𝐶𝑖𝑉𝐷𝑆
 
(5.22) 
If the drain-source voltage surpasses the effective gate voltage, thus that VDS ≥ VG-VTh, the 
channel is ‘pinched off’ – that is a depletion zone forms at the drain electrode where the 
local potential V(x) is below the threshold voltage. For VDS = VG-VTh the drain current is 
given by: 
 
𝐼𝐷 =
𝑊
𝐿
𝐶𝑖𝜇𝑠𝑎𝑡(𝑉𝐺 − 𝑉𝑇ℎ)
2 
(5.23) 
                                                 
36 This is not necessary true as gate-voltage dependent mobilites have been measured in the past 
(Horowitz 2011; Zaumseil 2007). 
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Increasing VDS does therefore not increase ID any further as the current is limited by the 
depletion zone (Figure 5.7c). This operation regime is therefore identified as the 
‘saturation regime’ Saturation mobility µsat and threshold voltage Vth are commonly 
calculated by a linear fit to the square-root of the measured drain-current. In real devices 
the extension of the depletion zone is likely to increase with VDS, effectively shortening 
the transistor channel. This relationship is usually ignored when calculating mobility and 
threshold voltage form the transfer curves. 
Figure 5.8 presents the saturation transfer characteristics for the PTCDI-C13 OFETs 
used in the electro-modulation measurements. The transfer curves were measured as cycle 
form 0 V to 100V and back to 0V. The resulting curves show a negligible hysteresis, 
which implies a very low long-term polarization due to permanent trapping of charges in 
deep traps. Moreover, by fitting equation 5.23 to the linear part of the transfer, the two of 
the most important device parameters for a transistor, namely the mobility and the 
threshold-voltage can be extracted from the transfer curves. An aerial capacitance of Ci = 
7.58 nF/cm2 for 450 nm PMMA yields an electron-mobility of µ = 0.26 cm2/Vs and a 
threshold-voltage of Vth = 7.5 V. The mobility is unusually high for n-type OFETs, but 
well below the best known results for PTCDI-C13 OFETs of µ = 2.1 cm
2/Vs reported by 
TATEMICHI ET AL.  
4.3.4 Electro-Modulation Microscopy 
In this section the potential of PLEM-microscopy for investigating OFETs is 
demonstrated by experimentally assessing the validity of the simple thin-film transistor 
model discussed in the last section. First, charge injection and accumulation for a PTCDI-
C13 OFET with only a (vertical) gate voltage Vg, but no (lateral) drain-source voltage Vds 
applied. Under these circumstances, charges are injected from the electrodes and 
accumulate at the semiconductor-insulator interface. The simple transistor-theory using 
 
Figure 5.8:  The saturation-transfer (a, red) at 𝑽𝑫𝑺 = 𝟓𝟎𝑽 has an approximately quadratic slope (equation 5.23), while 
the linear-transfer (a, blue) at 𝑽𝑫𝑺 = 𝟓𝑽 is roughly linear (equation 5.22). The output characteristics (b) show the 
transition from the linear regime for low 𝑽𝑫𝑺 to the saturation regime for higher 𝑽𝑫𝑺. Below the threshold voltage 
𝑽𝒈 < 𝑽𝒕𝒉 ≈ 𝟕. 𝟓 𝑽 no current flows through the device. 
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the gradual-channel approximation predicts the same constant charge density at the 
electrodes and across the transistor channel. Consequently, the PLEM signal form the 
entire device (electrode area and channel) is expected to be constant.  
Figure 5.9 shows the PLEM-measurements for the accumulation regime (Vds = 0 and Vg 
= 1 V - 100 V). The abscissa gives the position relative to the channel-middle, while the 
ordinate indicates the PLEM-signal. The vertical lines correspond to the transition 
between the electrodes (left and right) and the channel (central position). Every horizontal 
line-graph represents an average of 200 line-scans at one voltage. The positive PLEM-
signal implies that the luminescence intensity is quenched - presumably by charge-
exciton interaction, as was discussed in the last chapter. Differently from the expectation 
expressed earlier, the magnitude of the measured PLEM-signal was not constant 
throughout the device. Two mechanisms come into question as possible origin for this 
observation: a) an additional source of quenching that exists at the electrodes, but not in 
the channel, or b) a variation of the charge density, between electrode region and channel 
in contradiction to the prediction using the gradual channel approximation. 
The only mechanism to cause a sufficient degree of additional quenching would be 
field-mediated exciton dissociation (see also chapter 4). The vertical electrical field 
between injecting and gate electrode of up to 4 MV/cm could indeed be sufficient to 
induce measurable dissociation of excitons. On the other hand, similar to an MIS 
capacitor, in an OFET the applied electric field is compensated by the opposing field of 
the accumulated charge at the semi-conductor/insulator interface. Thus the total field in 
the bulk of the semiconductor is approximately zero and therefore cannot be the source of 
the observed difference of the PLEM-signal. Some amount of exciton-dissociation due to 
the difference of the work-function of Au and the energy levels of the molecule remain 
 
Figure 5.9: PLEM-modulation trace when applying only a gate bias (a). The abscissa represents the position relative to 
the middle of the channel, while the ordinate indicates the measured PLEM-signal (ΔPL/PL). The grey regions indicate 
the positions of the electrodes. A possible explanation for the non-uniform signal is the presence of trapping sites 
hindering the diffusion of charges into the channel (b). As a result the charge density, and thus the also PLEM-signal, 
declines towards the channel center (c).  (see also: Koopman et al., 2013) 
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however possible. While this type of quenching might play a role at the electrodes, it is 
confined to the immediate vicinity of the electrodes and therefore does not extend into the 
channel. It surly cannot account for the non-constant signal observed in the channel 
region. Hence, the variation of the observed PLEM-signal can only be explained by a 
corresponding variation in the charge-density. 
The reason for this non-uniform charge density in the channel is not fully understood. A 
possible explanation could be hindered charge diffusion (figure 5.9). Charges are injected 
locally at the metal electrodes and accumulate at the dielectric interface beneath the 
electrode. The resulting charge concentration gradient causes a horizontal diffusion of 
charges into the channel. If this diffusion is hindered, for example by excessive charge 
trapping, a meta-stable charge-distribution could be formed. The role of charge-trapping 
in this case is similar to that of friction in case of diffusion in liquids or granular media. A 
possible way to reinforcing this theory, in extension to the work presented here, would be 
an investigation of the charge accumulation in PTCDI-C13 OFETs with different degrees 
of intentional interface dooping.      
In an operating OFET, a lateral voltage Vds between drain and source causes the 
accumulated charges to move from one electrode to the other. In this case, the differences 
in the PLEM-signal across the channel were measured for different drain-source voltages, 
while keeping the gate bias constant (thereby miming the electrical output characteristic). 
Figures 5.10 a) and 5.10 b) display the results for Vg = 5 V and 20 V. Once again, the 
abscissa gives the position along the device with respect to the channel center. The 
 
Figure 5.10: PLEM-measurements for different drain-source voltages correspond to the output characteristics. The 
charge density varies from high (orange) to low (green). Blue region indicate a negative PLEM-signal corresponding to 
charge recombination. For 𝑽𝒅𝒔 > 𝑽𝒕𝒉 ≈ 𝟕. 𝟓 𝑽 the transition from linear to saturation regime occurs around 𝑽𝑫𝑺 ≈
𝟏𝟓 𝑽 (a, upper), while for 𝑽𝒅𝒔 < 𝑽𝒕𝒉 ≈ 𝟕. 𝟓 𝑽 the device saturates form the beginning (b, upper). The charge density 
below saturation decreases linearly form source to drain (a, lower). The charge distribution above saturation is more 
complex (b, lower) (see also: Koopman et al., 2013). 
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ordinate now indicates the applied Vds and the colors represent the PLEM-signal, from 
blue (low signal) to red (high signal). 
For a gate bias of Vg = 20 V, the transistor is in its normal operation conditions (Vg  > 
Vth). In the linear regime (Vds « Vg – Vth), the potential V(x) exceeds the threshold at 
every point along the channel and a charge accumulation zone spans form source to drain. 
Additionally, the drain-source voltage causes a linear gradient in the charge density (Sze 
2007). Correspondingly, also the PLEM signal shows a linear gradient extending from the 
source to the drain electrode (figure. 5.10 b). Increasing the drain-source voltage a sudden 
drop of the PLEM-signal at the drain electrode was observed (blue and green regions in 
figure 5.10) when the drain-source voltage surpassed the effective gate voltage (Vds = Vg 
- Vth). The vanishing signal (ΔPL/PL ≈ 0, blue region) indicates the formation of a charge 
depletion zone. Further increasing Vds, the depletion zone extended into the channel. So 
far the observations corresponded to the expectations made in section 5.3.3. Interestingly, 
PLEM signal at the drain electrode did not remain constant for Vds > Vg - Vth but instead, 
after having reach a minimum at Vds = Vg, increased again for higher values of Vds. Only 
at the small region where the local potential corresponds to V(x) = Vg the PLEM signal 
vanishes, or respectively even drops below zero (dark blue region, figure 5.10). This 
increase of the PLEM signal in the proximity of the drain electrode for higher Vds implies 
that the channel in this region is not depleted of charges, but is rather filled again after 
having reached it minimum. This observation was not expected in macroscopic OFET 
models.  
The same behavior as described above was observed if the transistor was driven in the 
sub-threshold-regime with a gate bias of Vg = 5 V (figure 5.10b). The only difference was 
that no linear operation regime existed, but rather the formation of the depletion zone set 
in immediately for Vds > 0. Figure 5.10 b) shows the drop of the PLEM signal at the 
position x where V(x) = Vg and its recovery for V(x) > Vg.  
An explanation for these observations could be the injection of holes (positive charge 
carriers) into the semiconductor. Since the photoluminescence signal can be modified by 
both negative and positive charge carriers, PLEM-measurements cannot distinguish 
between both. The increase of the PLEM-signal for Vds > Vg thus originates from the 
quenching of excitons by holes, rather than electrons. The negative PLEM-signal forms 
the border between the two regions. It constitutes a charge recombination zone. The 
charges can either recombine non radiative (direct) or via the formation of excitons, 
which in turn could either relax radiative or non-radiative. As no light generation could be 
detected with a CCD camera, the fraction of radiative recombination is very small.  
In conclusion the PLEM-measurements showed the injection and accumulation of 
positive charges into a semiconductor transport material known as n-type. This might 
seem puzzling at first, however in general organic materials should support electron as 
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well as hole transport. Only device related factors, like preferential trapping of one type 
of carrier or high injection barriers, prevent every organic transistor form showing 
ambipolar behavior (Zaumseil 2007). In particular in the case of PTCDI-C13 calculations 
on a similar PTCDI molecule by Chesterfield et al. predict an hole mobility equal to the 
electron mobility (Chesterfield 2004). They explain the missing hole transport in 
experimental transport measurements by the presence of trapping sites. The PLEM-
measurements confirm this notion as it clearly shows the presence of holes. Still positive 
charge-carriers are preferentially trapped instead of contributing to IDS current. Hence, 
they cannot be simply observed by standard electrical characterization of the transistor. 
Future investigations are needed to confirm is this is a general observation for all OFETs 
or a particular feature of PTCDI-C13.  
4.4 Recombination zone of a single layer ambipolar OFET  
In microelectronics, the classical application for a standard n- or p-type transistor is that 
of an electronic switch. Considering the low intrinsic charge-carrier mobility, organic 
FETs will obviously never be a replacement for the silicon FETs in high-speed transistor 
applications. Advantages of OFETs that are frequently cited are: (i) their flexibility and 
(ii) their low production costs (Horowitz 1998; Zaumseil 2007; Singh 2006). However, 
flexible devices based on amorphous silicon have mobilites similar to the best OFETs 
(e.g. Han, Song, Mandlik, & Wagner, 2010), while the cost argument is very relative. The 
cost for low-performance silicon MOSFET37 production continuously declines, while 
high-volume fabrication of organic devices is still in an experimental phase. In recent 
years, several research groups therefore turned to another appealing property that cannot 
be easily reproduced by inorganic devices: the possibility functionalize OFETs by adding 
multi-functionality, like light-emission, light-sensing, chemical-sensing or bio-interfaces 
(Guo 2010; Zaumseil 2007; Muccini 2006). The most advanced of these functional 
transistors are light-emitting OFET (OLETs), combining the switching ability of a 
transistor with efficient light emission (Muccini 2006; Muccini 2012). This device could 
for example be used in displays, removing the need for separate light-emission and pixel-
control layers, or micro-optical technology, as for example needed for high-speed optical 
communication (Clark 2010).       
Ambipolar OFETs intrinsically transport both types of carriers, hole and electrons, 
effectively. Contrary to silicon devices, in where p- or n-type conductivity is achieved by 
doping, the transport character of these devices is defined purely electrostatically. 
Technologically, ambipolar OFETs can be used as monolithic complementary inverters. 
Their most significant application is however the realization of efficient OLETs.   
                                                 
37 The Metal-Oxide-Semicondcutor Field-Effect Transistor is the “workhorse” of contemporary 
microelectronics. 
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From a scientific perspective the study of ambipolar OFETs, helps to improve the 
understanding of the physics of organic devices. They enable the direct comparison of 
hole and electron transport within the same device and allow studying the recombination 
of opposite charge carriers without the disturbing effects of the metal electrodes.  
Currently the only way to study the recombination zone of an ambipolar transistor is by 
observing its electro-luminescence. However, many ambipolar OFETs, even some of 
those used as OLETs, show no or only very weak electroluminescence in the full 
ambipolar regime. PLEM-microscopy can reveal the charge density distribution in 
OFETs. As the charge density is expected to disappear at the recombination zone of an 
ambipolar OFET, the movement of the recombination zone with the applied voltages 
should be easy to visualize. This section demonstrates the investigation of an ambipolar 
OFET based on T4dim. The position of the recombination zone is compared to different 
electrostatic models by SCHMECHEL ET AL. (Schmechel 2005) and by SMITS ET AL. (Smits 
2007).  The values for the threshold voltages and the ratio of the carrier mobilites 
extracted from this treatment are compared to those extracted from the electrical 
characteristics of the transistors.  
4.4.1 Fabrication and Experimental  
The geometry of the T4dim transistor was chosen identical to the PTCDI-C13 OFETs 
discussed in the previous section, exchanging only the organic semiconductor. Growth 
rates of 0.1 Å/s and 0.01 Å/s were tested. The latter however showed no, or only very 
weak p-type transport. Hence, for the PLEM-measurements only those grown at 0.1 Å/s 
were used. Like for the PTCDI-C13 OFETs, Au electrodes were used and the channel 
length was kept at 70 µm. Again, all devices were encapsulated in a nitrogen glove box. 
After removal from the glove-box, the electrical parameters of the devices were measured 
with the same method described in the last section.   
The electro-modulation images were taken in a similar way as described in section 
5.3.2. The scanning area was 100 µm x 10 µm, while the integration time per pixel was 
 
Figure 5.11: Electrical potential Φ in ideal ambipolar OFET. Direction of arrows indicates type of injected carriers (up 
= electrons; down = holes). The s-shaped potential is due to the saturation of both channels. 
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set to 30 µs. The images were taken only with a low modulation frequency of 100 Hz and 
as quasi DC images. At higher modulation frequencies, one risks that only one type of 
carrier can follow the switching of the electric field and the ambipolar character is lost.  
4.4.2 Electrical Characteristics 
Ambipolar OFETs have three distinct operation regimes. Similar to the unipolar OFET, 
the ambipolar OFET can be operated in the unipolar linear and unipolar saturation 
regime. Additionally an ambipolar operation regime occurs if the applied voltages are 
chosen in a way that both carriers are injected simultaneously (figure 5.11). To classify 
the operation regime the threshold voltages for holes and electrons, Vth,h and Vth,e, have to 
be considered.  
One has to keep in mind that in the case that both types of carriers can be injected, the 
definition of “source” and “drain”-electrode and sign of the applied potentials becomes 
somewhat ambiguous. In the following, without loss of generality, the source potential is 
chosen equal to zero (𝜙𝑆 =  0) and all voltages are defined with respect to 𝜙𝑆. Exceptions 
are the threshold voltages, which are defined relative to the potential of the respective 
injecting electrode (Figure 5.11).  
If the gate-voltage surpasses the electron-threshold (𝑉𝑔 > 𝑉𝑡ℎ,𝑒 > 0) electrons are 
injected from the source electrode, while if it undercuts the hole-threshold (𝑉𝑔 < 𝑉𝑡ℎ,ℎ <
0) holes are injected. Conversely, holes are injected from the drain electrode for 𝑉𝑔 −
𝑉𝑑𝑠 < 𝑉𝑡ℎ,ℎ < 0  and electrons for 𝑉𝑔 − 𝑉𝑑𝑠 > 𝑉𝑡ℎ,𝑒 > 0.  If only one type of carrier is 
 
Figure 5.12: P-type (a) and n-type (b) transfer characteristics for VDS = 100 V. The check-mark like progression of the 
current on a semi-log-plot is a typical characteristic of an ambipolar OFET (Zaumseil 2007). Mobility and threshold 
voltages cannot be calculated separately from these curves, due to the simultaneous presence of electrons and holes.  
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injected, the transistor operates in the unipolar regime (figure 5.12 a,b). Similar to the 
discussion in section 5.3 the unipolar regime is subdivided in a linear and a saturated 
mode of operation. Different form unipolar OFETs, for suitable drain-source and gate 
voltages, holes and electrons can be injected simultaneously into the semiconductor and 
form space charge regions at the respective electrodes. In this case, the transistor operates 
in the ambipolar regime. At the point where the oppositely charged space charge regions 
meet, the charges recombine. If the organic semiconductor is fluorescent, excitons form 
and recombine radiatively. In this case the OFET is also called an ambipolar OLET.  
In the ambipolar regime, the OFET can be modeled as saturated n-type transistor in 
series with a saturated p-type transistor (Muccini 2012). Moreover, assuming an infinite 
recombination rate, the hole and electron current must be identical (no carrier can reach 
the other electrode before recombining). Using equation 5.20 for the saturated transistor, 
the expression for the ambipolar current simply follows form the linear combination of 
two saturated channels: 
 
|𝐼𝐷| =
𝑊𝐶𝑖
2𝐿
{𝜇𝑒(𝑉𝑔 − 𝑉𝑡ℎ,𝑒)
2
+ 𝜇ℎ(𝑉𝑑𝑠 − 𝑉𝑔 − 𝑉𝑇ℎ,ℎ)
2
} 
(5.24) 
Here the voltages are defined as discussed earlier in this section and the remaining 
variables as defined in section 5.3.  
Figure 5.12 presents the transfer characteristics of a T4dim OFET for positive and 
negative gate-voltages on a semi-logarithmic scale. The curves show a characteristic V-
shape, confirming the ambipolar nature of the T4dim OFETs. At low 𝑉𝑔, hole transport 
 
Figure 5.13: Locus curves (VDS = VG) for T4Dim OFET with extracted mobility and threshold voltage for the p-type 
(a) and n-type (b) saturation regimes. 
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dominates the current, while at high  𝑉𝑔 electron transport prevails. In the ambipolar 
regime, the current reaches a minimum for balanced hole and electron transport. For an 
ideal OFET this should be the case at 𝑉𝑔 = 𝑉𝑑𝑠/2. The deviation of the minimum position 
towards lower voltages as well as the different maximum currents for low and high  𝑉𝑔 
indicate a better transport of electrons than of hole in case of T4dim.  
The transistor parameters, in particular mobilities and threshold voltages, are defined for 
holes and electrons separately. Hence, they should be extracted from the pure unipolar 
(saturation) regimes. In the transfer-characteristics unipolar and ambipolar regions cannot 
be distinctly separated and therefore transfer-characteristics are not suitable to determine 
the transistor parameters. A better approach in this case is using the locus-curves. That is, 
measuring Id while Vg and Vds are increased simultaneously. In these measurements the 
channel is always saturated for one type of carrier, while it is depleted from the other 
type. Figure 5.13 shows the locus-curves for holes (p-type locus, b) and for electrons (n-
type locus, a). The extracted transistor parameters are listed in table 5.1. Both curves 
show a slight hysteresis, however the values for 𝜇𝑠𝑎𝑡 and Vth extracted for rising and 
falling voltages are almost identical. Henceforth only the values for rising voltages will be 
used. 
Overall, the threshold voltages for both carriers are very high, which casts some doubts 
on the overall performance of the transistor. Besides the similar threshold voltages, the 
maximum attainable drain current for electrons is an order of magnitude higher than for 
holes. The explanation for this can be found in the mobility-ratio Μ = 𝜇ℎ/𝜇𝑒, which is 
around 0.004. While the electron mobility is reasonable, the hole-mobility is very low, 
leading to an overall imbalance of the charge transfer that was observed already in the 
transfer curves.  
4.4.3 Recombination zone position 
PLEM-microscopy provides information which cannot be achieved with electrical 
transport measurements. Specifically, it allows determining the position of the 
recombination zone and thereby also the length of the electron and hole space-charge 
regions. Figure 5.14 shows the result of a series of electro-modulation measurements with 
Vds = 100V and Vg-amplitude between 0V and 100V, corresponding to the transfer curve. 
Every horizontal line in the figure represents the average charge distribution of a 50 µm x 
130 µm image for one gate voltage combination. The images were taken at a low 
frequency of 100 Hz to allow proper charge injection at every cycle. They were compared 
to images taken at pseudo-DC mode, which showed an identical signal distribution but 
possessed a far worse signal-to-noise ratio.   
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As before, the color coding indicates the intensity of the PLEM-signal. Red implies a 
high positive signal (fluorescence quenching) and blue a low negative signal 
(fluorescence enhancement). The charge-recombination zone is clearly visible as dark 
blue line. The negative signal amplitude is due to the fluorescence enhancement by the 
radiative recombination of excitons.  At 𝑉𝐺 = 0 𝑉 a high quenching at the drain electrode 
and an enhancement at the source electrode was observed. This behavior corresponds to 
the p-type saturation regime, where holes are injected as majority carriers form the drain 
electrode and a depletion zone forms at the opposing source electrode. The negative 
signal in the depletion area indicates that in this region the holes recombine with 
electrons. Increasing 𝑉𝐺, the recombination zone moves through the channel. The source-
to-drain swing of the recombination zone for low 𝑉𝐺 indicates very different mobilities 
and/or threshold voltages for holes and electrons. If the n-type saturation regime could be 
achieved is not clear from the PLEM measurements as the recombination zone did not 
reach the drain electrode. Instead above  𝑉𝐺 = 40 𝑉 it remains at a fixed distance from the 
electrode. The swing of the recombination-zone position at  𝑉𝐺 = 80 𝑉 was reproducible 
and could indicate instability of the device at this bias.  
The PLEM-signal at the drain electrode side of the recombination zone is higher than 
the signal at the source side for most voltages. This difference of signal magnitude could 
 
Figure 5.14: The PLEM-measurements show the ambipolar behavior of a T4Dim OFET, even if no electro-
luminescence could be observed (for color code see figure 6.9). The position of the recombination zone (blue) is clearly 
visible for all 𝑽𝑮. ( 𝑽𝑫𝑺 = 𝟏𝟎𝟎𝑽 ) 
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imply that a higher concentration of holes than of electrons is present in the transistor for 
a given gate bias. The reason for this can be found in the lower mobility for holes. 
An important characteristic of ambipolar OFETs is the dependence of the 
recombination-zone position on the applied voltages. It gives valuable information about 
the difference in electron and hole conduction of a material, independently form the 
electrical characteristics of the transistor. In the latter case, the real material parameters 
can be obscured by interface effects of the metal/semiconductor interface influencing the 
injection of charges. The same information about the recombination zone position has 
also be obtained from measurements of the electroluminescence position (Zaumseil 
2005). For this approach the EL needs to be strong enough to be detected. However, in 
the pure ambipolar regime of many devices the EL has often a very low intensity, too low 
to be detected.    
From the PLEM measurements the recombination-zone position 𝑥0 was extracted by 
fitting a Gaussian function to the signal around the minimum PLEM intensity (blue 
regions). The result is depicted in figure 5.15. Several models have been developed to 
describe the dependence of the recombination zone position on the transistor parameters 
and applied voltages (Muccini 2012). The simpelest model, originally proposed by 
SCHMECHEL ET AL. (Schmechel 2005), is directly derived form equation 5.21 and the the 
considerations discussed in section 5.4.2. Assuming an infinite recombination rate,  𝐼𝑑 =
 
Figure 5.15: Both models for the position of the recombination zone fit the experimental data reasonable well. The 
temperature dependent model of Smits offers a slightly better description of the source-to-drain swing (grey areas 
indicate the electrodes). The deviation around 80 V cannot be reproduced with either model and seems to be device 
specific.   
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𝐼𝑒 = 𝐼ℎ applies and therfore the ratio of the length of the electron and hole channles 
yields:  
 𝐿ℎ
𝐿𝑒
=
𝜇ℎ
𝜇𝑒
∙
(𝑉𝑑𝑠 − 𝑉𝑔 − 𝑉𝑡ℎ,ℎ)
2
(𝑉𝑔 − 𝑉𝑡ℎ,𝑒)
2  
(5.25) 
Without loss of generality the drain electrode is assumed to be at 𝑥 = 0 and consequently 
𝑥0 = 𝐿𝑒. With some algebraic transformations the recombination-zone position is 
expressed as: 
 
𝑥0,𝑆𝑐ℎ𝑚𝑒𝑐ℎ = 𝐿 ∙
(𝑉𝑔 − 𝑉𝑇ℎ,𝑒)
2
(𝑉𝑔 − 𝑉𝑇ℎ,𝑒)2 +
𝜇ℎ
𝜇𝑒
∙ (𝑉𝑑𝑠 − 𝑉𝑔 − 𝑉𝑇ℎ,ℎ)
2 
(5.26) 
The variables are defined in accordance with equation 5.21. This model was sucessfully 
used by ZAUMSEIL ET AL. to describe the recombination zone postion of the first 
ambipolar light emitting OFET reported in literature (Zaumseil 2005).  
SMITS ET AL. (Smits 2007) arrived at a similar expression for the recombination zone 
position, starting form a microscopic description of the electrical transport based on a 
variable range hopping model. This type of transport model assumes that the charge-
carriers are localized at trapping sites most of the time and conduction takes place as a 
series of “hops” of the carriers form one site to the next. The main difference of the 
SMITS-model compared to the model of SCHMECHEL ET AL is that it accounts for the 
 
Figure 5.16: Using the values for mobility-ratio and threshold voltages extracted from the electrical locus curves does 
not result in an adequate description of the recombination zone position (red curves) neither for the model of 
Schmechel/Zaumseil (a) nor that of Smits (b).  
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energetic and spatial spread of these charge-trapping sites. As a result, the square-
exponent of the SCHMECHEL-model becomes a function of temperature with 𝜏𝑒(ℎ)(𝑇) =
(2𝑇𝑜,𝑒(ℎ)/𝑇) − 1, where 𝑇𝑜,𝑒 are measures for the width of the exponential density of states 
for electrons and holes and T is the temperature. The recombination zone position then 
reads: 
 
𝑥0,𝑆𝑚𝑖𝑡𝑠 = 𝐿 ∙
(𝑉𝑔 − 𝑉𝑇ℎ,𝑒)
𝜏𝑒
(𝑉𝑔 − 𝑉𝑇ℎ,𝑒)𝜏𝑒 +
𝜇ℎ
𝜇𝑒
∙ (𝑉𝑑𝑠 − 𝑉𝑔 − 𝑉𝑇ℎ,ℎ)
𝜏ℎ
 
(5.27) 
Both models are identical if the temperature equivalent of the FWHM38 of the energy 
distribution corresponds to the 1.5-fold of the measurement temperature. 
Both models were fitted to the position-data collected form the PLEM measuremets 
(figure 5.15), using a Levenberg–Marquardt algorithm. The externally applied voltages 
were assumed to be fixed, while all other variables were fitting parameters. That includes 
for both cases also the channel-length L, which had to be a fitting parameter as well to 
adequatly describe the data. Hence, the device shows an “effective channel-length” less 
than the physical channel-length. With approximatly 60µm, the effective channel length 
is around 15% smaller than the physical channel length. In the range of  𝑉𝑔 = 80 V −
90 V the positon of the recombination zone approaches drain electrode more closly, but 
jumps back to 60µm above 90 V. Neither of the two models reproduces this behavior of 
𝑥0. The data-points in this range were therfore left out from the fitting procedure. 
The SCHMECHEL-model (green line) reproduces the data qualitativly. However the 
crossover of the recombination zone form the source to the drain side of the channel 
cannot be reporduced adequatly. Using the exponents as additional parameter, the SMITS-
model better fits the swing. Interestingly, the best fit is obtained for 𝜏𝑒 ≈ 𝜏ℎ ≈ 4. This 
indicates that the spreading (not amount) of trapping-sites-distirbution for holes and 
electrons is similar and a factor two bigger than expected form the “free carrier” based 
SCHMECHEL-model. 
Table 6.1 lists the threshold voltages and mobility-ratio extracted from the data using 
these two models. The threshold voltages for both models differ strongly from each other 
and form those extracted from the electrical locus curves. Interestingly, the hole-to-
electron mobility ratio is however approximately identical in all three cases. The low 
electron threshold corresponds to the source-to-drain swing of the recombination zone for 
low gate voltages. The threshold voltage of 𝑉𝑇ℎ,𝑒 ≈ 0 𝑉 for the SCHMECHEL-model is 
however rather unphysical as the threshold-voltage has to consider at least the injection 
barrier for electrons due to the work-function offset between T4dim and gold. For both 
models the hole-threshold voltage is an order of magnitude higher than the threshold for 
                                                 
38 Full-width half-maximum 
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electrons, while the threshold voltages extracted from the locus curves are similar for both 
types of charges. Overall, the values for the threshold voltages extracted from the locus 
curves do not correspond to the observed movement of the recombination zone. Hence, 
using the values obtained from the locus curves as input parameters for models does not 
give an adequate description of the movement of the recombination zone (figure 5.16). 
Form these measurements it is clear that the parameters extracted from the electrical 
characteristics do not describe the real physical situation in the ambipolar operation 
regime of the transistor.  
4.5 Summary and Conclusions 
Based on the findings on exciton-charge quenching in the previous chapter, the fifth 
chapter of this work introduced PLEM-microscopy as means to investigate the charge 
density distribution in OFETs. The first part of the chapter discussed the working 
principle of this novel technique, its implementation and compared it to similar 
techniques. PLEM-microscopy allows a direct mapping of the charge-density distribution 
depending on the external biases applied to the device.   
The second part of the chapter demonstrated the use of this technique for mapping the 
charge density in two experiments. In PTCDI-C13 OFETs the injection of holes and the 
formation of a recombination zone were observed. This unexpected behavior cannot be 
explained by the simple transistor-theory using the gradual channel approximation. These 
measurements show that even in case of the presumably well-known OFETs, the device 
physics are not completely clear and new measurement tools can uncover unexpected 
findings. 
In the second experiment, the recombination zone position in an ambipolar OLET based 
on T4dim was determined. Contrary to the measurement of the recombination zone by 
electroluminescence, PLEM-microscopy allows the observation of the recombination 
zone also in operation regimes in which no light emission takes place. Form the position 
of the recombination zone, the threshold voltages for holes and electrons and the mobility 
 𝑉𝑇ℎ,𝑒 𝑉𝑇ℎ,ℎ 𝜇ℎ/𝜇𝑒  
Model SCHMECHEL ET AL 0 V - 6.01 V 0.0044 
Model SMITS ET AL. 4.92 V - 53.16 V 0.0041 
Locus  65.32 V -78.87 V 0.004 
 
Table 5.1: Threshold voltages for electron and hole transport and hole-to-electron mobility ratio. The first two rows 
correspond to the parameters extracted from the PLEM images using the models of SCHMECHEL and SMITS, 
respectively. The values in the third row were extracted from the locus curves.  
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ratio were calculated using the models of SCHMECHEL ET AL and SMITS ET AL. Moreover, 
it was shown that the device parameters obtained from the electrical characteristics do not 
describe the movement of the recombination zone as observed by PLEM microscopy.     
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Appendix A: Capacitors, Transistors and Sample 
Fabrication 
The fabrication of organic field-effect transistors (OFETs) as used in this thesis consists 
of three steps. First a 450nm PMMA layer is spun onto an ITO-covered glass substrate 
and afterwards hard-baked in a vacuum oven at 180°C for 90 min. A thin film of the 
semiconducting molecular material was then thermally evaporated onto the insulating 
layer. The ITO contact, insulated from the semiconducting layer acts in both devices as 
field-electrode – indicating that it only generates an electric field in the semiconductor, 
but does not inject charges. Finally, for charge-injection two metallic gold-contacts – 
source and drain – were evaporated onto the semiconductor. All fabrication steps took 
place under controlled nitrogen atmosphere in a glove-box. All OFETs were encapsulated 
before they were released into ambient conditions. For the investigations on the 
photophysics of PTCDI-C13 and T4dim the electrodes and the encapsulation were 
omitted. 
 
 
Figure A.1: Image of Transistor device structure. 
All thin-film employed in this study were fabricated by vacuum sublimation. In this 
technique the desired material is heated inside a crucible to its sublimation temperature. 
The gaseous material then exits the crucible orifice as a molecular beam and subsequently 
impinges on a substrate held perpendicular to the orifice. During the evaporations 
employed for this thesis, the distance between crucible and substrate was ca. 30 cm. On 
the substrate the molecules might be absorbed, desorbed or diffuse towards a nucleation 
center, depending on several growth factors. To achieve multi-layered structures and 
material blends, the evaporator was equipped with two cells, which can be loaded with 
different materials. The evaporation form each cell could be started or stopped 
instantaneously using mechanical shutters. The nominal thickness of the film was 
monitored during growth by quartz-crystal balance calibrated to the material in use. It 
goes without saying, that this technique requires ultra-high vacuum (< 10-6 Pa) conditions 
during the evaporation process. This high vacuum results in very pure films. 
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Appendix B: Principle of Lock-In Measurements 
The photoluminescence electro-modulation (PLEM) measurements, and in particular 
PLEM microscopy, discussed in this thesis, employed a lock-in detection scheme for low-
noise signal acquisition. Lock-in detection is a common technique in many laboratories 
and is best known form commercially available lock-in amplifiers (e.g. Stanford Research 
Systems, 2009). While the technique as such is often discussed in undergrad laboratory-
courses already, this section will recapitulate its basic principles due to its importance for 
this thesis.  
A lock-in detection scheme enables the measurement of a faint signal obscured by a 
much larger noisy background signal. It is basically a homodyne detector combined with 
a low-pass filter. For a lock-in measurement, the physical effect to be measured is 
periodically modulated. In case of a fluorescence measurement, this could for example be 
achieved by a modulated excitation source. A detector measures a modulated 
fluorescence signal plus unwanted noise from different origins. This measurement signal 
is then cross correlated with a periodical reference-signal having the same frequency as 
the original modulation. As the cross-correlation for signals with different frequencies is 
zero, the output signal, X, after the cross-correlation is proportional to the component of 
the measurement signal at the modulation frequency. The output signal is still shifted by 
the cosine of the phase difference between the reference and measurement signals (eq. 
B.1). The unmodified signal R as well as the phase difference 𝜃 can now be obtained by 
employing a second cross-correlator, which correlates the measured signal to the 
reference signal shifted by a phase of 90°. The result is a second output signal Y, 
proportional to the sine of the phase difference: 
 𝑋 = 𝑅 ∙ cos (𝜃)
𝑌 = 𝑅 ∙ sin(𝜃)
 B.1  
The signal R can then be determined by: 
 𝑅 = √𝑋2 + 𝑌2 
B.2  
And the phase follows as: 
 
tan(𝜃) =
𝑌
𝑋
 
B.3  
In many practical applications, the lock-in detection is realized in form of an electronic 
lock-in amplifier. Here, two electronic signals, one of which is the reference and the other 
is form the measurement, are mixed by AC-multiplication circuit followed by an sharp 
edged low-pass filter that only lets the DC component of the mixed signal pass. The 
output of this circuit is amplified and measured by a Volt- or an Ampere-meter. An 
Excitons in Active Organic Devices  
- 130 - 
 
alternative to the electronic implementation of the lock-in scheme is the increasingly 
popular software lock-in – as it will be used in chapter 6 of this thesis. In this approach 
the signals are digitized by a data acquisition (DAQ) module and the cross-correlation is 
implemented numerically. 
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 Appendix C: Absorption and Emission Spectroscopy 
Absorption spectroscopy deals with the transitions from the ground-state into the 
vibrational sidebands of the excited states. Photoluminescence (PL) spectroscopy on the 
other hand provides information about the relaxation of the molecule from the excited 
state into the higher vibrational sidebands of the ground-state. The details of the 
absorption and emission processes were discussed in chapter 2 of this thesis.   
In this thesis, absorption measurements are mainly employed as reference to the PL 
spectra. The absorption spectra were recorded using a JASCO V550 VU/Vis double-
monochromator spectrometer. The BEER-LAMBERT formula relates the transmitted 
intensity 𝐼𝑡  to the absorption cross section 𝛼 and the sample thickness d as: 
 𝐼𝑡 = 𝐼0 ∙ 10
 −𝐶𝛼𝑑 = 𝐼0 ∙ 10
 −𝐴 C.1  
Here 𝐼0 is the incoming light intensity, C is the material concentration and A is the 
experimentally accessible absorbance. 𝛼 is related  to the oscillator strength introduced in 
chapter 2.1.3 by (Haken & Wolf, 2004): 
 
𝑓0,𝑛 =
4𝑚𝑒𝑐𝜀0𝑙𝑛10
𝑒2𝐶
∫ 𝛼(𝜈) 𝑑𝜈
𝐵𝑎𝑛𝑑
 
C.2  
The integration is performed over an entire Absorption band. The oscillator strength is 
thus proportional to the area of the measured absorption band.  
The different PL measurements were conducted using the setup depicted in figure C. 
The excitation is provided by a femto-second Ti:sapphire oscillator (SpectraPhysics 
Tsunami) pumped by a solid state Nd:YVO laser (SpectraPysics Millenia). The oscillator 
provides 80 Mhz pulse train of sub 100fs pulses in a tunable range between 750 nm and 
1000 nm. Since most organic semiconductors absorb mainly in the near UV and blue 
range, the frequency of the excitation beam was doubled by second-harmonic generation, 
employing a BBO crystal. The wavelength of the second harmonic beam can be tuned 
between 375nm and 500nm. With careful alignment of the BBO, the pulse-width remains 
in the order of some hundred femto-seconds without additional pulse compression. The 
laser power after the BBO was fixed at 10 mW using neutral optical density filters, to 
prevent unwanted non-linear effects.   
The sample could be mounted in two places dependent on the desired experiment. If 
place in the integrating sphere the luminescence quantum yield 𝜂 of the material could be 
determined. For this measurement a procedure according to de Mello (de Mello, 
Wittmann, & Friend, 1997) was used. To measure the steady-state and transient PL, the 
sample was mounted in a cryostat. The laser beam was routed onto the sample with a 
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finder mirror (path 2) and the PL was measured form the same side. This configuration 
has the advantage that most of the unabsorbed laser beam is transmitted through the 
sample and does not reach the detector. The remaining laser reflections were blocked by a 
low-pass filter (F), with a cut-off wavelength depending on the excitation wavelength. For 
measurements involving P13 usually a cut-off of 515 nm and for those involving T4Dim 
of 475 nm was used. For steady-state measurements the PL was routed by a detachable 
mirror onto a high-sensitivity OMA (Hamamatsu PMA-11). Accordingly, for transient 
measurements the mirror was taken out and the PL routed onto the entrance slit of an 
imaging spectrograph (Chromex 250 is/im) connected to a Hamamatsu streak-camera.  
Unfortunately, it was not possible to stabilize the cryostat in the setup just described at 
temperatures different from the temperature of liquid nitrogen (77 K) and room 
temperature (293 K). For the temperature dependent static PL measurements in chapter 3, 
a different setup employing a closed cycle liquid helium cryostat was used. The samples 
were excited with the doubled radiation of a HeCd laser at 440nm and the PL was 
measured with an identical high-sensitivity OMA (Hamamatsu PMA-11).  
Electromodulated absorption measurements can be utilized to detect the presence of 
charge-transfer states. In polymer sample it is frequently used to detect the absorption of 
charge-polarons as well. Electromodulation measurements in this thesis were conducted 
using a home build setup. The output of a xenon lamp was fed to monochromator, which 
scanned across the entire visible spectrum in steps of 5 nm. A multipurpose Data-
Acquisition (DAQ) module (National Instruments USB-6356) generated a modulated 
unipolar square-waveform, which was applied to the sample. A low-noise potential 
amplifier subsequently increased the voltage ten times. With this setup, a maximum 
amplitude of 200V could be achieved. The transmission signal form the sample was 
detected at the second harmonic of the applied waveform by a photodiode connected to a 
Lock-In amplifier (Stanford Research Systems SR830). The signal provided by the 
amplifier was recorded by a home-build acquisition program, implemented in the 
LabView39  programming language. A separate measurement was taken for every step of 
the monochromator. Simultaneous to the measurement of the transmitted signal, the 
spectrum of the lamp was measured with a calibrated diode. Dividing the transmission 
spectrum by the spectrum of lamp gives the absorption spectrum and eliminates influence 
of lamp spectrum. All data obtained by scanning measurements, in particular absorbance 
and electro-absorbance measurements, were smoothed using the procedure of Savitsky 
and Golay. (2nd order Polynomial with 15 points point window) (Savitzky & Golay, 1964) 
 
 
                                                 
39 National Instruments LabView is a graphical programming language developed for data acquisition 
(http://www.ni.com/labview )  
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